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Synopsis 
The action of the centrifugal forces on the jaws of a relatively 
flexible diaphragm chuck quickly reduce the gripping force as the 
speed of rotation of the chuck is increased. The expected form of 
the relationship is a power curve relating the speed w of rotation, 
the mass m of the jaws, the radius r of the centroid of the jaw 
system, the height h of the centroid of the jaw system from the 
centre of the diaphragm plate and the distance x of the gripping 
point from the centre of the diaphragm plate, see figure 4, page 18. 
The effect due to the speed of rotation should follow a squared 
relationship while the effects due to the other factors can be 
considered as power curves with indices of unity. 
The loss of clamping force was measured against all the various 
factors involved and a working equation evolved as shown at the end 
of this synopsis. 
Some variation from the expected simple theoretical centrifugal 
force relationship occurred with the main effect being lower losses 
than expected as the speed increased. This showed under analysis 
as a 'power index of 1.94 instead of 2.0 as expected for the effect 
due to speed. Significant variations also occurred in the power 
indices for the effect due to the radius r of the centroid of the 
jaw system and the moment arm x of the gripping point of the jaw 
system from the centre of the diaphragm plate. This latter variation 
was further complicated by the power index varying with the distance 
x and is shown graphically on page 86. 
The modified theoretical relationship now shows a much closer 
agreement to the measured losses for the centrifugal forces acting 
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on the chuck jaws and now makes it possible for designers and 
users to more closely predict the performance of the chuck at 
the higher rotational speeds used with modern tungsten carbide 
cutting tools. 
The initial gripping force was also measured and analysed 
relative to the gripping diameter and the moment arm x about 
which the gripping force acted. There was no significant variation 
relative to the gripping diameter alone but a significant variation 
relative to the moment arm x about which the gripping force acted. 
This was further complicated by the power index varying with the 
length of the moment arm x and is shown graphically on page 86. 
The modified formula evolved for the initial gripping force, 
while allowing designers to predict variations of gripping force 
with the distance of the gripping point from the diaphragm, can 
still only be considered as a first approximation and is not 
considered accurate enough to predict the true gripping force. 
More work is required in this area. 
The general expression for the resultant gripping force at 
any speed is given by the equation 
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Nomenclature 
outside radius of a diaphragm plate. 
inside radius of a diaphragm plate. 
diameter of the central hole in the diaphragm plate. 
difference between mean radius and radius of the neutral 
axis of a ring. 
moment arm of the centra id of the load weight. 
distance from the inside fibres to the neutral axis of 
a ring. 
distance from the outside fibres to the neutral axis of 
a ring. 
mass of the load weight. 
radius of the centra id of the load weight. 
mean radius of a ring. 
inside radius of a ring. 
outside radius of a ring. 
radius of the neutral axis of a ring. 
speed of rotation of the chuck in rev/min. 
thickness of a diaphragm plate. 
thickness of the outer edge of a tapered diaphragm plate. 
equivalent thickness of a diaphragm plate. 
widths of a ring. 
moment arm of the force applied by the chuck jaws. 
deflection of a diaphragm plate at the central hole. 
deflection of a diaphragm plate at the central hole due 
to the bending moment about the central hole. 
deflection of a diaphragm plate at the central hole under 
the clamping load. 
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A area of a section. 
C load applied by the chuck jaws 
E Youngs Modulus of Elasticity. 
F clamping load lost by the chuck due to the centrifugal 
forces. 
FCF centrifugal load acting on the chuck jaws. 
I second moment of area. 
K any temporary constant. 
K stiffening coefficient. 
s 
M bending moment. 
P load applied to open the chuck. 
R stiffness of the chuck. 
r 
R stiffness of the workpiece. 
w 
S stress. 
S. stress in the inside fibres of a ring. 
1 
S stress in the outside fibres of a ring. 
o 
W load applied to a ring. 
X any variable under investigation by curve plotting. 
Y value of any formula when curve plotting. 
Z factor expressing resistance of the chuck jaws to tilting 
or twisting. 
~ coefficient dependent upon the ratio a/b. 
B coefficient dependent upon the ratio a/b 
~ taper angle of a tapered diaphragm plate. 
w speed of rotation of the chuck in rad/sec. 
T strain. 
e angle between the applied load and the point of maximum 
strain in a ring. 
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a temporary constant for curve plotting. 
b temporary constant for curve plotting. 
c temporary constant for curve plotting. 
d temporary constant for curve plotting. 
e temporary constant for curve plotting. 
f temporary constant for curve plotting. 
1 reference number. 
( ) equation number. 
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INTRODUCTION 
HISTORY AND APPLICATION OF THE DIAPHRAGM CHUCK. 
The diaphragm chuck is one member of a family of elastic 
work-holding devices and as.such is considered to be a precision 
device. It has been in use for many years as some of the first 
chucks of this type were manufactured by the N.A. Woodworth Company 
(U.S.A.) for Pratt and Witney during the second world war. The 
chuck was designed to overcome the problems of precision location 
and speed of chucking normally associated with conventional multi-
jaw chucks. For example, any clearance within the sliding mechanism 
of a conventional chuck coupled with sticking friction will lead to 
slight errors in location each time a new component is gripped by 
the jaws. The jaws of a diaphragm chuck, however, are rigidly 
clamped to the diaphragm plate and SO do not move relative to the 
diaphragm plate during the chucking operation, thus eliminating 
many chucking errors. 
The conventional chuck is designed as a general purpose work-
holding device accepting a wide range of component diameters and 
holding those components extremely stiffly under heavy gripping 
pressure. The diaphragm chuck is a special purpose device most 
commonly used for finish machining on large batch or continuous 
production work [lJ. Under these conditions accuracy and speed of 
chucking are more important than gripping pressure and stiffness 
of the chuck. The gripping pressure is supplied only by the elastic 
recovery of a fixed steel plate deformed by air or hydraulic pressure 
applied to open the chuck for re-chucking. The recovery of the 
L-___________________________________________________________________ _ 
...------------------------------ -------- --
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3. Please return by compensation post or bZl VCU'\.-
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diaphragm plate provides relatively light but consistent gripping 
pressure. 
For any given workpiece a diaphragm chuck is usually smaller 
in diameter, in overhang and in weight than a conventional chuck, 
and has an inherent fail safe feature as external pressure is 
required to open the jaws. The major disadvantage is that the 
chuck jaws must be re-set and bored out to each component diameter 
used. 
THE PROBLEM. 
The use of a chuck for largely finishing work will result in 
that chuck having to fulfil a number of requirements. 
(i) It must locate the component easily and accurately many 
times during its working life. 
(ii) It must maintain a consistent gripping force although the 
speed of rotation may vary from slow speed internal grinding to 
fine turning or boring with diamond or sintered carbide cutting 
tools at high speeds. 
The lack of any substantial amount of moving parts in the 
diaphragm chuck results in that chuck fulfilling the requirements 
of consistent and accurate gripping. The use of a flexible diaphragm 
plate to supply the gripping force through the elastic recovery of 
that diaphragm plate gives the chuck a low relative stiffness. 
Consequently the use of this type of chuck at high rotational speeds 
could easily result in centrifugal forces on the chuck jaws overcoming 
the gripping pressure and leading to release of the component. 
13 
It is postulated that the losses due to centrifugal effects 
on the diaphragm chuck will depend on the following factors: 
(i) The speed of rotation of the chuck. 
(ii) The weight of the jaws. 
(iii) The position of the centroid of the jaws both radially 
and axially. 
(iv) The relative stiffness of the diaphragm plate, jaw 
assemblies and the component. 
(v) The axial position of the gripping point relative to 
the diaphragm plate. 
It is anticipated that analysis of each of these factors will 
lead to an understanding of the effect of centrifugal forces on the 
chuck and a method of predicting the performance of the chuck at 
high rotational speeds, and therefore aid the designer and user of 
the chucks when considering the use of this type of chuck for a 
particular application. 
THE DIAPHRAGM CHUCK. 
The chuck chosen for analysis was the smallest of a type 
manufactured by the Erickson Tool Company (U.S.A.), having three 
jaws and a maximum chucking diameter of 100 mm. The number of 
jaws is dependent on the application and size of the chuck and 
is usually three, four or six. 
Figure ( 1) is a sectional view of this chuck [1] showing the 
major components. Body A is the face plate adaptor and integral 
pneumatic cylinder in which piston B may freely move. Air entering 
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through port C forces piston B against sleeve D to transmit 
movement to the diaphragm plate E. Bolted to the diaphragm plate 
are jaw carriers G in which jaws Fare radially adjustable. 
On application of air pressure the diaphragm is deflected 
opening the jaws which are then bored to the nominal or mid-limit 
of tolerance of the workpiece. A further increase in air pressure 
opens the chuck wider to allow easy loading and unloading of the 
workpiece. Complete removal of air pressure allows the diaphragm 
to attempt to return to its normal position and apply gripping 
force to the component. Thus the elastic deformation of the 
diaphragm plate provides the gripping force. 
The chuck is fitted with end stops and a tapped hole for 
a centre stop. The closing action of the chuck provides a force 
which pulls the component firmly back into the chuck against these 
stops [2]. 
LITERATURE REVIEW. 
The majority of literature concerned with the effect of 
spindle speed on the gripping force of chucks has been concerned 
primarily with conventional multi-jaw lathe chucks. Hand and 
power operated chucks of the scroll, wedge bar and cam type have 
been considered and laws relating the stresses within the chucks 
to speed developed. 
The diaphragm chuck has largely been overlooked with most 
published literature aimed at applications of the chuck. The 
main analytical work has been carried out by Robertson [3] who 
considered the diaphragm as an encastre circular plate with each 
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jaw being mounted on a single cantilever. Chidlow [4] applied 
elastic plate theory with an additional coefficient for the jaw 
assemblies and evolved a good working equation for the clamping 
load. Pahlitzsch and Warnecke [6] investigated a relationship 
between the stiffness of the chuck and jaw system and the 
centrifugal losses of standard 3 jaw scroll and wedge type chucks. 
This was further discussed by Thornley and Wilson [7] but was again 
only investigated for standard 3 jaw self centring chucks where 
power and stiffness are the main criteria and not accuracy and 
ease of operation. 
If> 
FIG. 1 A SECTIONAL VIEW OF THE ERICKSON DIAPHRAGM CHUCK 
A Face plate adaptor and integral cylinder. 
B Actuating piston. 
C Entry port for air under pressure. 
D Sleeve. 
E Diaphragm plate. 
F Jaws. 
G Jaw carriers. 
X---1 
SECTION X-X 
FIG. 2. DIAPHRAGM PLATE 
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Chapter 1 
1.1 MOVEMENT OF THE CHUCK JAWS ON OPENING AND CLOSING. 
When the diaphragm chuck is opened a turning moment is imparted 
to the jaws which causes the jaws to move both in line with the axis 
of the chuck and also at right angles to the axis of the chuck. 
The amount of movement of the gripping area of the jaw depends on 
the distance of this gripping point from the diaphragm plate 
(dimension x) and the radius of the gripping point from the centre 
of the chuck. (See Fig. 4). 
The movement in line with the axis of the chuck provides a 
small pull back force to hold the component firmly against the 
axial location. This axial movement reduces as the location 
diameter increases. (See page 69). 
The movement at right angles to the axis of the chuck provides 
the main gripping force to hold the component in place. This radial 
movement increases as the distance from the diaphragm plate increases, 
but is independent of the diameter of the location. (See page 69). 
Consequently the gripping force applied by the diaphragm plate to 
the jaws should be independent of the radius of the clamping point 
but should be inversely proportional to the distance of the clamping 
point from the diaphragm plate. This distance being the moment arm 
about the pivot point of the diaphragm plate and consequently the 
longer the moment arm then the lower is the force applied by that 
moment arm. (See Fig. 4). 
The gripping force is provided by the diaphragm plate attempting 
to return to its original position after elastic deformation. The 
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amount of deformation depends on the air pressure applied to the 
operating piston and on the physical dimensions of the diaphragm 
plate. The calculation of the gripping force as investigated by 
Chidlow is reproduced on pages 22-23. 
It is expected that the loss of gripping force due to 
centrifugal forces will be dependent on 
(i) the speed of rotation 
(ii) the mass of the jaws 
(iii) the position of the centre of gravity of the jaws 
(iv) the distance of the gripping point from the diaphragm 
plate. 
Initially the jaw can be assumed to be mounted on a cantilever 
extending from the radius of the pivot point to the radius of the 
inner edge and normal centrifugal force theory applied (see page 23). 
1.2 CALCULATION OF THE GRIPPING FORCE OF A DIAPHRAGM CHUCK. 
(i) The deflection of a diaphragm plate under a uniformly 
distributed load around the central hole can be derived from the 
following equation 
2 
_ "Pa 
Y2 - Et3 Roark 
(ii) The deflection of a diaphragm plate due to a uniform 
bending moment around the inner hole can be derived from the 
following equation 
Roark (2) 
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The above expressions assume that the diaphragm plate is of 
uniform cross-section. However the plate in the diaphragm chuck 
used in this research has a tapered cross-section and is further 
modified by the addition of 3 jaw location pieces. These have 
the effect of radial stiffners set 120· apart. 
The effect of these modifications is taken into account by 
deriving the equivalent thickness of a uniform diaphragm plate 
and by experimentally measuring the stiffening effect of the 
jaw location pieces. 
(iii) The equivalent thickness of a tapered diaphragm plate 
can be calculated from the following expression 
t = 
e 2 
Chidlow 
(iv) The stiffening coefficient is derived using the 
following expression. 
(3) 
K 
s 
= deflection of diaphragm plate with jaw pieces 
deflection of diaphragm plate without jaw pieces 
Chidlow (4) 
The deflection is measured at various points across the 
diaphragm plate and a graph of the shape of the plate drawn. 
The deflection at the central hole can then be obtained from this 
graph. (See pages 58-60). 
(v) The action of the gripping force applies a bending 
moment to the diaphragm plate which can be derived from the 
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following expression 
Bending Moment ~ 3Cx (5) 
(vi) The piston, on opening the chuck, applies a uniformly 
distributed bending moment around the inner hole which is then 
assumed to apply a bending moment to the chuck jaws such that 
Bending Moment ~ Mrrd (6) 
On gripping the 3 chuck jaws are considered to transmit the 
bending moment from the diaphragm plate to a force at the gripping 
point at an assumed distance x from the diaphragm plate. Chidlow 
assumes that the bending moment from the chuck opening piston 
appearing around the inner hole can be directly equated to that 
bending moment providing the gripping force. The following 
expression is thus obtained for the uniformly distributed bending 
moment around the inner hole by equating (5) and (6) 
M _ 3Cx 
- rrd Chidlow (7) 
Equating the expressions for the deflection of the diaphragm 
plate from the uniformly distributed load around the inner hole (1) 
and the uniformly distributed bending moment around the inner 
hole (2) gives the expression 
2 
uPa 
Et3 
e 
substituting for the bending moment M from (7) and simplifying 
gives 
uP 38cx 
= ---:rrd 
transposing for C 
C "Prrd 
= 3Sx 
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where C is the radial gripping force. 
The derivation of these formulae are based on Chidlow's 
(8) 
assumptions of equality of the bending moments and deflections in 
the diaphragm plate. Due to the extremely complex conditions set 
up by the action of inter-related force couples within the diaphragm 
plate between adjacent jaws, and the possibility of the diaphragm 
plate buckling on closing, it is evident that this can only be 
considered to be a first approximation to the actual conditions 
occurring in the diaphragm plate. 
1.3 CALCULATION OF THE CENTRIFUGAL FORCES ACTING ON THE CHUCK JAWS. 
The centrifugal forces acting on the chuck jaws are proportional 
to the mass of the jaws, the radius of the centroid of the jaws about 
the axis of the chuck and the square of the speed of rotation of the 
chuck such that 
2 
= row r 
where m = mass of each jaw system 
r = radius of the centroid of the jaws 
w = speed of rotation of the chuck. 
This is assumed to apply a turning moment about the pivot point 
of the diaphragm plate (see Fig. 4) such that 
Bending Moment 2 = row rh 
where h height of the centroid of the jaws from the centre 
of the diaphragm plate. 
24 
This is expected to result in a reduction of the gripping 
force acting at an assumed distance x from the centre of the 
diaphragm plate (see Fig. 4) such that 
where 
F 
F 
= 
2 
mrw h 
x 
loss in gripping force due to the centrifugal 
effects. 
x = height of the gripping point of the jaws from 
the centre of the diaphragm plate. 
(9) 
Consequently it is expected that any any speedw rad/sec the 
resulting gripping force applied by the chuck jaws can be obtained 
from the expression 
1fdPcx 
C = 3Sx 
2 
mrw h 
x 
The equations for the gripping load and for the loss of 
gripping load due to centrifugal forces assume the following 
conditions. 
( 10) 
(i) The bending moment around the central hole, on applying 
the opening force, can be equated to the bending moment 
due to the 3 clamping forces and their distance from the 
diaphragm plate. 
(ii) The deflection of the diaphragm plate due to the gripping 
load is identical to the deflection due to the opening 
load. 
(iii) The shape of the diaphragm plate remains constant on 
release of the opening load to clamp the strain ring. 
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(iv) The chuck jaws do not tilt on gripping the component. 
(v) The strain ring does not substantially deflect radially 
when gripped. 
(vi) There is no dimensional difference between the diameter 
of the strain ring and the diameter of the chuck jaws. 
(vii) For centrifugal force calculations only, the chuck jaw 
is assumed to be mounted on a cantilever extending from 
the radius of the pivot point to the radius of the inner 
edge. 
1.4 THE EFFECT OF THE CHUCK AND COMPONENT STIFFNESS ON THE LOSS 
. OF GRIP. 
The loss of grip of a 3-jaw chuck is dependent on the stiffness 
of the chuck, the stiffness of the workpiece and the resistance of 
the jaws to twisting or tilting. Pahlitzsch and Warnecke [6] 
investigated this relationship for standard scroll type chucks 
and found the following: 
where 
FCF 
Loss of grip lIF ~ --=R"'-
FCF = 
R = 
r 
R = 
w 
Z = 
centrifugal 
+ Z r 
R 
w 
force 
chuck stiffness 
workpiece stiffness 
factor expressing resistance 
twisting or tilting. 
of the jaws to 
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Analysis and evaluation of these factors when gripping the 
50 mm diameter strain ring in position will show whether this 
relationship is equally true for the diaphragm chuck, or 
alternatively whether the relatively low stiffness of the 
R 
diaphragm plate results in the expression Z Rr approaching 
w 
zero. 
(i) Chuck Stiffness. 
An opening force of 3000N produces a deflection of 200 ~m 
at the inside diameter of the diaphragm plate such that 
stiffness = 3000 
(ii) Workpiece Stiffness. 
= 
6 15xl0 N(m 
An applied load of 3000N would produce an expected radial 
deflection of 15.06xl0-9 m such that 
stiffness 3000 = 199.2xl09 N/m 
15.06xl0-9 
The stiffness of the workpiece, which in this case is a 
steel ring under 3 equal forces equally spaced, is calculated 
by dividing the load on the ring by the expected radial deflection 
at the load point. This radial deflection is determined for each 
ring from formulae derived by R.J. Roark (see page 28). 
Similarly the strain mid-way between each load point can 
be determined and compared with the measured strain given by 
the strain gauge outputs (see pages 29 & 178). 
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(iii) Resistance of jaws to twisting or tilting. 
Comparing the deflection of the diaphragm plate when under 
the opening load and when gripping the component in place will 
give some idea of how much the system will twist or tilt. 
Therefore 
deflection under gripping· load 
deflection under opening load 
220 ).lm 
= 290).lm = 
Loss of Grip bF 
= 
1 + Z 
1 + 0.76x15xl0
6 
199.2xl09 
FCF 
1 + .000057 
0.76 
Thus it can clearly be seen that the flexibility of the 
diaphragm plate compared to the stiffness of the workpiece, 
results in any centrifugal force immediately producing an 
equivalent loss of grip. There being no comparable movement in 
the workpiece or jaw system to take up first. 
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1.5 RADIAL DEFLECTION OF A RING UNDER THREE EQUAL RADIAL FORCES 
EQUALLY SPACED. 
Radial displacement 
, 
Wr 3 ~4 n = 2EI 
from tables for S = 
of each load point 
[SKI + Sin e Cos K3) - 21~ 1 
Sin2e 
600 [ ] = 
W 
.01594 
r -r. 
o ~ 
log 
r 
o 
e r. 
~ 
W = Applied load 
E = Youngs Modulus of Elasticity 
I = Second Moment of Area 
r = Radius of outside 
0 
r. Radius of inside 
~ 
r = Radius of neutral axis. 
n 
[5] 
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1.6 CALCULATION OF STRAIN PRODUCED IN A STEEL RING. 
Bending Moment 
1 (1 1) 
M = I WCn(Sin8 - e . 
Bending Stress at Inside Fibre 
Bending Stress at Outside Fibre 
Measured. Strain 
\ 
'----'" 
M 
T = 
S. + S 
1. 0 
E 
M 
--,---
h 
r. 
1. 
11 
e 
r 
n o 
S. = 
1 
S. = 
1 
S = 
0 
S 
0 
Therefore S. +5 
1 
Therefore T = 
30 
M h. but h. = r -r. 
1 1 n 1 
Ae r. 
and 1 e = r -r 
m n 
M(r-r.) 
n 1 
A(r -r Jr. 
m n 1 
M h but h r -r 
0 0 0 n 
Ae r 
and 0 e = r -r m n 
M(r -r ) 
o n 
A(r -r )r 
m n 0 
[r -r.] r -r ]] = A (r:-r
n
) n
ri 1 + °ron 0 
= 
M r 
n 
A(r- -r ) 
m n [~- ~} r. r 1 0 
M r 
n 
AE(r.r) 
m -n [~- ~] r. r 1 0 
See computer program page 32. 
Where: 
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r. = rad of curvature of inside fibre 
l. 
r = rad of curvature of outside fibre 
o 
r = rad of curvature of neutral axis 
n 
h. = 
l. 
h = 
0 
w = 
r ' = 
m 
e = 
r -r. 
o ]. 
r = --"-'-=:-
n 
log 
r 
o 
e r. 
l. 
distance from inside 
h. = r r. 
l. n l. 
distance from outside 
h = r r 
0 0 n 
applied load 
mean radius 
h 
r = r. + 2" m l. 
angle in radians 
fibre to neutral 
fibre to neutral 
axis 
axis 
M = bending moment with respect to centroidal axis 
A = area of section 
e = distance from neutral axis to axis of centre of gravity 
E = Youngs modulus of elasticity 
h = thickness of beam 
b = width of beam 
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COMPUTER PROGRAM· TO· CALCULATE STRAIN AND RADIAL DEFLECTION 
OF THE STRAIN RINGS. 
10 PRINT "INSIDE DIAM MH" 
20 INPUT Dl @ RI = Dl/2 
25 PRINT Dl 
30 PRINT "OUTSIDE DIAM HH" 
40 INPUT DO @ RO = DO/2 
45 PRINT DO 
50 PRINT "WIDTH MM" 
60 INPUT Wl 
65 PRINT Wl 
70 A = (RD-Rl)*Wl 
BO K = 1/SIN(60*2*PI/360)-1/(60*Z*PI/360) 
90 R = (Rl+RO)/2 
100 R2 = (RO-Rl)/LOG(RO/Rl) 
105 I = (ROA4-RIA4)*PI/4 
110 FOR W = 100 TO BOO STEP 100 
120 H = W*R/2*K 
130 T = H*R2/A/(R-R2)/201000*(1/Rl-l/RO) 
135 D = W*R2A3*0.01594/2/201000/I 
140 PRINT "w = ";W;"N" 
150 PRINT "T = "; T 
160 PRINT "D = "; D; "HU" 
165 PRINT 
170 NEXT W 
9999 END 
Data. Dl 
DO 
Wl 
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30 
10 
36.B 
40 
10 
45 
50 
10 
52 
60 
10 
63.65 
75 
10 
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Chapter 2 
Design and Manufacture of the Experiment 
and the Equipment Used 
2.1 THE DESIGN OF THE EXPERIMENTAL PROCEDURE. 
The expected laws relating the gripping force and the centrifugal 
losses are expected to be of the form 
where 
C = 1TdPa 
3Sx 
1TdPa is 3Sx 
2 
the 
2 
mrw h 
x 
gripping force 
and mrw h is the centrifugal loss. 
x 
These can be measured independently but as it is evident that 
the chuck jaws require re-boring for each trial it is necessary to 
ensure that all the available information is obtained before passing 
from one trial to the next. 
The information required is as follows and is obtained by 
varying the relevant factors: 
(i) The Gripping Force. 
This appears to be directly proportional to the load P applied 
to deform the diaphragm and inversely proportional to the distance 
x of the gripping point from the diaphragm plate. It is independent 
of the chucking diameter. 
It was decided to carry out all tests at a constant load P and 
thus only vary the distance from the gripping point to the diaphragm 
plate. 
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(ii) Centrifugal Losses. 
The centrifugal losses are proportional to the mass m of 
the jaw system, the speed w of rotation of the chuck, the height h 
of the centroid of the jaw system from the diaphragm plate and the 
radius r of the centra id of the jaw system from the axis of the 
chuck. The centrifugal losses are inversely proportional to the 
distance x of the gripping point from the diaphragm plate. 
It was decided to conduct the trials in 2 distinct parts and 
to test losses relative to the numerator of the equation first, i.e. 
the mass m, speed w, radius r and height h. Then by maintaining some 
of these factors constant, test the losses relative to the distance 
x of the gripping point from the diaphragm plate. 
In order to test the various factors independently of each other, 
it is necessary to vary each factor while maintaining the rest as 
constants. In order to do this it is necessary to manufacture special 
test equipment as follows. 
(i) Strain Rings. 
Strain gauges mounted at the point of maximum bending moment 
within a steel ring is considered to be the simplest and the most 
consistent method of measuring the gripping force and the centrifugal 
losses within the chuck. In order to check that the gripping force 
is independent of the chucking diameter a range of strain rings from 
30 to 75 mm diameter is needed. To calibrate these rings a special 
fixture is required as discussed on page 38 • 
(ii) Load Weights. 
The mass m of the jaw system is varied by adding a known weight 
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at a known position to the jaw. Weights varying from 75 g to 
150 g are used (see page 48). 
(iii) Jaw Pieces. 
The position of the load weights from the diaphragm face can 
be varied by manufacturing special chuck jaws having weight location 
counterbores at varying positions. One set of jaws is required for 
each strain ring (see page 49). 
(iv) Characteristics of the Diaphragm Plate. 
Prior to commencing the dynamic trials it is necessary to obtain 
certain information about the physical dimensions and the deflection 
characteristics of the diaphragm plate. The information required is 
as follows and is discussed in Chapter 3. 
(a) The stiffening effect of the jaw location pieces. 
(b) The effective diameter of the diaphragm plate. 
(c) The shape of the diaphragm plate when deflected to open 
ilie chuck and when closed on the component. 
(d) The radial and axial movement of the chuck jaws on 
opening and closing. 
(v) The Calibration of the Equipment Used. 
It is necessary to calibrate all the equipment used to measure 
the various effects and characteristics and some special equipment 
was needed for this. 
The manufacture and use of this is discussed on the following 
pages in Part 2.2. 
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2.2 DESIGN AND MANUFACTURE OF THE CALIBRATION EQUIPMENT. 
The main piece of equipment used for calibration purposes 
was that of a fixture to calibrate the strain rings required to 
measure changes in gripping load of the diaphragm chuck. 
This fixture was required to exhibit the following features: 
(i) calibrate strain rings from 30mm to 90mm diameter, 
(ii) o apply 3 equal forces 120 apart, 
(iii) have a self centring action, 
(iv) duplicate the shape and size of the chuck jaw clamping 
area. 
(v) apply loads of up to 1000 N at each clamping point. 
The main problem associated with the design of this fixture 
was the problem of providing 3 equal forces having a self-centring 
action to duplicate as closely as possible the gripping action of 
the diaphragm chuck. 
Several designs were tested with the final choice being a 
mechanical Action - other designs were rejected for the following 
reasons. 
Ca) Hydraulic 'Action - Long Travel Pistons. 
A fixture was tested using 3 hydraulic cylinders of sufficient 
travel to accommodate strain rings from 40-9Omm diameter. Each 
cylinder pushed forward a jaw piece which could be bored out to 
the diameter of the strain ring. This was found not to have a 
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self centrin~ action as only the cylinder and jaw assembly having 
least friction moved first. This pushed the strain ring well off 
centre. 
(b) Hydraulic Action - Short Travel Pistons. 
Again 3 hydraulic cylinders were used but with limited travel 
of the pistons. The strain ring was located in guides giving only 
O.lmm of possible movement and was thus held in place until each 
piston had taken up its position. This was not strictly a self 
centrlo~ action as the piston which moved first pushed the strain 
ring against the opposite location points. 
Due to the need to locate each ring in position and the 
limited movement of the hydraulic pistons, the fixture would need 
major resetting for each,ring size to be calibrated. 
A Kistler Load Cell was used to measure the load applied by 
each piston and due to the small size of some of the strain rings 
there was no room to accommodate the load cell when calibrating 
these small rings. Relying on measuring the oil pressure within 
the hydraulic system to give a measure of the applied load included 
that load to overcome friction within the piston and guide assembly, 
thus not giving a true measure of only the load applied to the 
strain ring. 
(c) Vee-Block Devices. 
o Several designs were contemplated using 60 Vee blocks or 
roller assemblies where the load was applied through a single moving 
piston assembly pushing the strain ring against 2 further fixed 
supports. 
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These were rejected as they did not sufficiently reproduce 
the closing action of the diaphragm chuck or the shape of the 
chuck jaws. The strain applied to each section of the ring also 
varied, ref. [4). 
2.3 THE'ACTION OF THE CALIBRATION FIXTURE. 
The final design of the calibration fixture used was that 
of a wholly mechanical system having the following action. 
A single vertical plunger applied load to 3 bell crank 
o levers set 120 apart. These in turn pushed horizontal plungers 
held in a guide ring with the end of each plunger duplicating the 
size and shape of the chuck jaw. The plunger guide ring could 
be repositioned to bring the end of each plunger in turn against 
each bell crank lever, thus eliminating errors due to minor 
variations in the length of each lever and the amount of friction 
in each guide. 
The length of each plunger was changed for each size of 
strain ring to be calibrated and for the Kistler Load Cell assembly. 
The plunger location diameter remained the same for each ring. 
The Kistler Load Cell measured the load applied by each bell 
crank lever in turn. The load applied'by .the single v~rtical plunger 
was measured using a Clockhouse Proving Ring. (See drawings on 
pages 43 - 46). 
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2.4 CALIBRATION OF THE EQUIPMENT. 
(i) Kistler Load Cell. 
This was calibrated under compression by using a large 
vertical milling machine to provide a rigid framework and mounting 
a Clockhouse Proving Ring between the machine spindle and the Load 
Cell placed on the machine table. (See Fig. 5 ). 
Raising the knee of the machine compressed the assembly 
giving a known load through the Proving Ring and a measured output 
from the Load Cell. It was important to ensure that the Proving 
Ring was aligned vertically resulting in a true compression load 
only being applied to the Load Cell. (See page 159). 
(ii) Calibration Fixture. 
Again a large vertical milling machine was used to provide 
a rigid framework and vertical movement through the knee assembly. (See Fig. 6) 
A Clockhouse Proving Ring provided known loads to the central 
plunger which, acting through the bell crank lever system, compressed 
a Kistler Load Cell. Increments of load were applied and the 
resulting Load Cell output measured. The plunger guide ring was 
o 
removed, turned through 120 and replaced by bringing No.l plunger 
against No.2 bell crank lever. Increments of load were applied 
and the Load Cell output measured. This was repeated with No.l 
pl~nger against No.3 bell crank lever. 
The process was further repeated for No.2 and No.3 plungers 
in turn. 
Averaging all outputs for each increment of input load gave 
a calibration chart for the fixture. (See page 161). 
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(iii) Strain Rings. 
For each ring diameter used a set of plungers were made 
to duplicate the shape of the chuck jaws used. These were clamped 
securely in place in the guide ring and bored out using a centre 
lathe so that the inside diameter of the plungers matched the 
outside diameter of the strain ring to be calibrated. Small shim 
plates were placed behind the head of each plunger prior to 
machining so that, on removal, some clearance was available for 
easy loading of the strain ring during calibration. 
After being bored out the plungers were released and the 
guide ring replaced in the fixture such that No.1 plunger aligned 
with No.1 bell crank lever. The strain ring was placed in the 
fixture with the strain gauges midway between No.1 and No.2 
plungers and increments of load applied. The strain gauge output 
was measured using a commercially manufactured strain bridge. 
This was repeated with the strain gauges between Nos. 2 and 
3 plungers and between Nos. 3 and I plungers. 
The complet~ process was further repeated with plunger No.1 
against bell crank lever No.2 and again with plunger No.1 against 
bell crank lever No.3. 
Averaging all results gave a calibration chart for the strain 
ring concerned. (See page 163). 
(iv) Diaphragm Chuck Operating Piston. 
The gripping pressure of the chuck is obtained after deforming 
the diaphragm by applying air pressure to a back-up piston in the 
chuck body. This piston was calibrated by removing the diaphragm 
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plate and compressing a Clockhouse Proving Ring between the Piston 
and the Tailstock of the lathe in which the chuck was mounted. An 
initial compression was applied through the tail stock to pre-load 
the system and increments of load applied through the Piston by 
increasing the air pressure to the chuck. 
Taking differences between the initial and final air pressures 
and the initial and final indicator readings on the Proving Ring 
gave a measure of the load applied to the Piston. (See page 167). 
(v) Comparators. 
A Sigma Electronic Comparator and a Mitronic Micro Comparator 
were used for various measurements and these were calibrated using 
slip gauges. The comparators were securely mounted above a surface 
plate and output reading~ taken for various incremental stacks of 
slip gauges. Comparing differences in slip gauge sizes with 
differences in comparator output readings gave a measure of the 
accuracy of the comparators. (See pages 169-172). 
Metric measurements were taken whenever possible but due to 
the age of some of the equipment used it was necessary to use 
imperial units and convert to the metric equivalent. 
(vi) Lathe Cross-Slide. 
A ground parallel strip was first clamped across the bed of 
the lathe adjacent to the headstock and a comparator head then 
clamped to the toolpost. As the toolpost was moved along the 
cross-slide the comparator measured axial variations in position 
at known increments. These were analysed by using a Hewlett 
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Packard mini-computer and the Standard Pac HP85 curve fitting 
program to determine the best straight line fit and the variations 
in position from this best straight line. (See page 175). 
en 
C1l 
("') 
.0-
M-
'" ..... 0 
::J 
>< X 
X 
CALIBRATION FIXTURE FOR STRAIN RINGS 
R 12 
</)A l 
30 35.5 
40 30.5 
50 25.5 
60 20.5 
75 . 13.0 
40 l 
I d VI 
f I ~ ~ co <Xl LI'i ..-
", 
PLUNGER 
160 
X--1 
~9.5 
X _--I SECTION x- X 
PLU NGER GUI DE 
COMPRESSION BLOCK FOR 
KISTLER LOAD CELL 
[ 
e 
I-
I-
I-
I-
.0 
~A fB 
30 27 
40 37 
50 45 
60 52 
75 65 
STRAIN RING 
-------~-~~~~~-----------------------
L 5 5 L MASS L 
. 
• 075 6.S 
I- r- .1 00 10.1 
.125 13.4 
r--L 
-
g .,. 1:0, VI ,-- ... :::: 
N 
-1-- -
-
0:. • Fo"':" ":.~':": 
... '"' -
!!! 
r- L-
.150 16.7 
LOAD WEIGHTS 
1,..7 
3 HOLES ~r.a 
('BORE; 19.0 
19.\ 
x 6DEEP 
-
N In 
'" III 
32 
16 
t\. 
X ,,'\ 
~-~ ~ 
:>-1-
32 
CHUCK JAWS 
L 
10 
"" 
16 
-, r-
.J 
_
_ -+_-U""'-4--I+'-+--
-t1--
, 
..! L 
J(/,' 1'1.7 
et> RING L 
30 0 
40 5 
50 10 
60 15 
75 22.5 
--- --- ----------------------------------------------
50 
FIGURE 5: Calibration of the Kistler Load Cell. 
FIGURE 6: Calibration of the Fixture . 
FIGURE 7: 
FIGURE 8: 
5 1 
Calibration of the Strain Ring. 
The Strain Rings. 
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Chapter 3 
The Deflection Characteristics of 
the Diaphragm Plate 
3.1 THE STIFFENING EFFECT OF THE JAW LOCATION PIECESo. 
The deflection of the, diaphragm pi,ate'.on applying air pr!'ssure 
to the actuating piston will be reduced by the addition of the ,jaw 
location pieces. 
' .... -"} .. 
These have the effect'of ,3 radial, stiffeners set 
120 0 apart. 
The effect of these location pieces can be determined by 
measuring the deflection of a plain diaphragm plate and comparing 
it with the deflection of the same diaphragm plate when the jaw 
location pieces are in position. 
The deflections were checked at various points across the 
diaphragm plate and at various applied pressures and the stiffening 
coefficient found to be 0.82. (See page 60). 
3.2 THE EFFECTIVE DIAMETEROF'THE DIAPHRAGM PLATE. 
The diaphragm plate has a curved section close to the, mounting 
flange and due to this the diaphragm appears to bend about a point 
outside the section. The effective diameter cannot be directly 
measured but can be determined from the graphs produced by the 
previous deflection tests. This was found to be 107 mm and is 
required to determine the ratio a/b, outside radius/inside radius, 
from which the coefficients a and 6 can be determined. (See page 179). 
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3.3 THE DEFLECTION OF THE DIAPHRAGM PLATE UNDER VARIOUS OPENING LOADS. 
The deflection of the diaphragm plate at the inner hole can 
be obtained from the graphs drawn to determine the stiffening effect 
of the jaw location pieces. This deflection of the inner hole was 
plotted against the applied pressure and from this, and the calibration 
chart for the operating piston (see page 167), the deflection for any 
opening load could be determined. 
For the projected trials to determine the effect of centrifugal 
forces on the chuck it was decided to carry out all trials with an 
applied load of 3000N. This gave an expected diaphragm deflection 
of 200 /lm. 
From the formula giving the diaphragm deflections Roark shows 
that the deflection is proportional to the applied load P (see page 20). 
Chidlow modified this to take into account the stiffening effect of 
the jaw location pieces but the proportionality remained. The 
centrifugal effects are indepenent of this applied load and 
consequently it was decided to maintain this opening load constant 
for all further experimental trials. 
3.4 THE SHAPE OF THE DIAPHRAGM PLATE WHEN DEFLECTED TO OPEN THE 
CHUCK AND WHEN CLOSED'ON'THE'COMPONENT. 
It is important that the diaphragm plate remains straight 
when deflected and that no additional strain is applied to the jaw 
location pieces by the diaphragm plate attempting to bend along a 
radius. It is for this reason that the diaphragm plate is 
manufactured with a tapered cross-section. 
The graphs of deflection against distance across the diaphragm 
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plate at various opening loads (see page 57) confirm that the 
majority of the diaphragm plate remains straight, and that all 
bending occurs within 15 mm of the effective outside diameter of 
the diaphragm plate. 
When gripping the component in place the load is applied in 
a very different manner and as the diaphragm plate attempts to 
return to its original position, it is possible that it may not 
remain straight. By mounting a comparator in the toolpost it is 
possible to measure the deflection at various points across the 
diaphragm plate with the chuck open and then with the strain ring 
clamped in place, a comparison can be made of the initial and 
final shapes of the diaphragm plate. (See pages 62-66). 
It is also possible that the jaw system will deflect on 
gripping the strain ring, and the comparison of the initial and 
final shapes of the diaphragm plate will show whether this occurs 
and by how much. This can then be used as the factor Z expressing 
the resistance of the jaws to tilting in the relationship 
investigated by Pahlitzsch and Warnecke relating the loss of grip 
to the centrifugal forces and the stiffness of the system. This 
factor Z was found to vary from 0.70 to 0.85. 
3.5 MOVEMENT OFTRE CHUCK· JAWS ON OPENING·AND·CLOSING. 
The diaphragm plate appears to pivot about the effective 
diameter and thus the chuck jaws will have a movement both in line 
with the axis of the chuck and at right angles to the axis of the 
chuck. These axial and radial movements provide the pull back 
and gripping force of the chuck. 
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The axial movement was measured using a comparator located 
on top of the jaw and as close to the gripping diameter as possible. 
The radial movement was measured at various points along the jaw 
gripping area by mounting a comparator in the toolpost of the 
lathe in which the chuck was mounted, and moving this in known 
steps along the axis of the chuck. Opening and closing the chuck 
gave a measure of the movement of the jaws. 
The jaws were bored out at various diameters and a comparison 
of the movements made. These showed that the axial movement was 
dependent on the radial position of the jaw while the radial 
movement depended on the axial distance from the diaphragm plate. 
(See page 67). 
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DEFLECTION OF DIAPHRAGM AT APPLIED PRESSURES OF 30 45 60 75 1bf/in2 
position Across Deflection ()lm) Diaphragm 
30 45 60' 75 1bf/in 2 
in mm 206.8 310.3 413.7 517.1 KN/m2 
0.0 0.0 3.0 8.2 10.8 11. 7 
0.2 5.08 9.5 22.8 30.3 36.7 
0.4 10.16 26.8 42.8 62.6 76.5 
0.6 15.24 43.8 68.8 102.0 127.5 
0.8 20.32 63.5 103.2 146.5 183.8 
1.0 25.40 86.5 136.5 194.0 244.3 
1.2 30.48 107.5 169.6 240.2 307.2 
1.4 35.56 129.3 204.5 289.3 369.0 
2.6 66.04 132.5 208.0 290.3 375.5 
2.8 71.12 111.8 174.3 241.3 312.2 
3.0 76.20 88.8 138.3 194.8 250.8 
3.2 81.28 68.0 106.5 147.3 187.8 
3.4 86.36 47.5 75.3 102.6 132.5 
3.6 91.44 29.5 45.8 63.8 81.3 
3.8 96.52 14.3 22.8 31.2 40.0 
4.0 101.6 4.8 7.3 10.5 14.5 
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DEFLECTION OF DIAPHRAGM AT AIR PRESSURES OF 
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Position of Central hole 
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DEFLECTION OF DIAPHRAGH AND JAH LOCATION PIECES AT APPLIED PRESSURES 
OF 30 45 60 75 Ibf/in2 
Position Across Deflection (\lm) Diaphragm 
30 45 60 75 Ibf/in 2 
in mm 206.8 310.3 413.7 517.1 KN/m2 
0.0 0.0 4.8 8.2 9.8 11.2 
0.2 5.08 13.3 21.0 27.8 36.0 
0.4 10.16 27.8 42.8 58.2 73.7 
0.6 15.24 43.8 68.7 92.5 120.6 
0.8 20.32 62.0 95.0 131.0 168.7 
1.0 25.40 73.7 123.0 166.3 214.2 
1.2 30.48 95.0 151.0 201.0 261. 7 
1.4 35.56 111.0 173.3 235.8 305.3 
2.6 66.04 112.3 176.5 241.5 311.5 
2.8 71.12 97.7 152.3 205.8 264.7 
3.0 76.20 81.3 126.5 173.8 222.7 
3.2 81.28 63.8 99.5 131.2 . 173.5 
3.4 86.36 46.5 72.8 96.2 127.0 
3.6 91.44 29.0 45.3 61.3 79.0 
3.8 96.52 14.5 22.0 30.7 40.2 
4.0 101.6 4.5 7.7 9.7 13.7 
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INCREASE IN STIFFNESS BY ADDING JAW PIECES 
The deflections are taken from the previous graphs at the 
apparent centre of the diaphragm plate. 
Deflection of Diaphragm Plate 
Pressure Applied 
to Diaphragm 
Ibf/in 2 KN/m2 
30 206.8 
45 310.3 
60 413.7 
75 517.1 
Stiffening Coefficient 
Plain with Jaw 
locations 
I1ID I1m 
202 166 
306 256 
427 346 
550 445 
K = 0.81975 ~ 0.82 
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STRAIN RIN~ DIAMETER 30 mm 
Deflection of Diaphragm Plate 
Radial Position 
. a b on Diaphragm R1ng Clamped Jaws Open 
Plate in Jaws 
in nun \lm \lID 
0 0 6 10 
0.2 5.08 19 28 
0.4 10.16 47 59 
0.6 15.24 79 96 
0.8 20.32 III 137 
1.0 25.40 142 177 
1.2 30.48 170 209 
1.4 35.56 196 242 
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STRAIN RING DIAMETER 40 mm 
Deflection of Diaphragm Plate 
Radial Position a b 
on Diaphragm Ring Clamped Jaws Open 
Plate in Jaws 
in mm ·vm Vm 
0 0 6 11 
0.2 5.08 24 31 
0.4 10.16 50 66 
0.6 15.24 81 108 
0.8 20.32 114 151 
1.0 25.40 143 191 
1.2 30.48 170 230 
1.4 35.56 195 268 
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STRAIN RING DIAHETER 50 mm 
Deflection of Diaphragm Plate 
Radial Position a b 
on Diaphragm Ring Clamped Jaws Open 
Plate in Jaws 
in mm llm llm 
0 0 5 9 
0.2 5.08 23 27 
0.4 10.16 49 59 
0.6 15.24 80 101 
0.8 20.32 114 140 
1.0 25.40 144 177 
1.2 30.48 172 213 
1.4 35.56 198 253 
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STRAIN RING DIAMETER 60 mm 
Deflection of Diaphragm Plate 
Radial Position a b 
on Diaphragm Ring Clamped Jaws Open 
Plate in JaHS 
in mm ]Jm ]Jm 
0 0 0 0 
0.2 5.08 18 22 
0.4 10.16 45 55 
0.6 15.24 79 97 
0.8 20.32 116 141 
1.0 25.40 151 185 
1.2 30.48 185 226 
1.4 35.56 214 263 
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STRAIN RING DIAJ1ETER 75 nnn 
Deflection of Diaphragm Plate 
Radial Position a b 
on Diaphragm Ring Clamp led Jaws Open 
Plate in Jaws 
in nnn ].lm iJm 
0 0 7 9 
0.2 5.08 24 31 
0.4 10.16 49 65 
0.6 15.24 83 107 
0.8 . 20.32 116 150 
1.0 25.40 148 189 
1.2 30.48 176 227 
1.4 35.56 201 266 
500 
i3 
;:l. 400 
Q) 
.u 
" .... p., 
i3 
00 
" 
300 
... 
-= P-
" .... Q 
..... 
0 
<l 200 
0 
.... 
.u .... 
C) 
" Q) s.. 
.... 
.u 
'+-I <= 
Q) 100 Q) Q U 
..... 
0 
Q) 
00 
'lj 
f" 
0 10 20 30 40 SO 
Radial Position nnn 
67 
Ring Diameter 30 mm 
Distance from Radial movement Axial movement 
Diaphragm plate of jaws of jaw 
45 271 
40 245 
35 215 211 
30 185 
25 149 
20 126 
. 
Ring Diameter 40.mm 
45 234 
40 212 
, 35 190 154 
30 161 
25 136 
20 109 
Ring Diameter 50 mm 
42 239 
37 206 
32 178 143 
27 157 
22 127 
18 110 
Ring Diameter 60 mm 
45 250 
40 222 
35 196 100 
30 167 
25 140 
20 112 
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Chapter 4 
Measurement of the Gr1pp1ng and 
Centr1fugal Forces 1n the Chuck 
4.1.1 MEASUREMENT OF THE GRIPPING FORCE OF THE .DIAPHRAGM CHUCK. 
The diaphragm chuck is a precision device for accurately 
locating part finished components prior to finish machining either 
by grinding or light turning or boring. For this reason it is 
necessary to bore out the chuck jaws for each machining operation 
to be carried out. Similarly it is necessary to bore out the jaws 
for each series of trials to be carried out and all trials at any 
position must be completed before resetting or reboring the chuck 
jaws. 
The jaws are initially set to the required diameter using a 
setting gauge mounted in the tailstock of the lathe. This ensures 
that the radial position of each load weight is similar. After 
firmly clamping the jaws in position air pressure is applied to 
the piston to open the jaws and by using a small boring bar 
mounted in the tool post of the lathe on which the chuck is mounted, 
the jaws are bored out to the required diameter and to a depth of 
10 mm. This diameter was accurately checked using a Tri-Point 
Internal Micrometer as it is important to ensure that the strain 
ring is a light push fit in the jaws. Any degree of interference 
fit will effectively increase the clamping strain applied to the 
ring and give a false ~eading of the load applied by the chuck. 
The distance from the strain ring to the diaphragm plate was 
measured using a depth micrometer and the effective moment arm x 
determined. 
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Strain readings were taken with the strain gauges accurately 
positioned between the various jaws and a comparison made between 
the clamped and unc1amped conditions to give a measure of the load 
applied by the diaphragm chuck. These readings were repeated 
several times and an average figure taken. (See page 76). 
4.1.2 MEASUREMENT OF THE LOSS OF GRIPPING.FORCE DUE TO·CENTRIFUGAL 
FORCES ON THE· CHUCK JAWS. 
With the strain ring gripped by the chuck jaws, the chuck was 
rotated and the change in strain gauge output measured. The lathe 
used waS fitted with a Kopp Variator variable speed drive which 
allowed the speed to be varied continuously from 300 to 2700 revs/ 
minute. The speed was measured using a contact1ess tachometer 
fitted with an inductive proximity switch which gave a continuous 
measure of the speed of rotation. Steps of 500 rev/min. from 0 to 
2500 rev/min. were chosen and a measure of the loss in strain gauge 
output taken at each step. This process was repeated with the 
strain gauges positioned between each pair of jaws. The complete 
process was further repeated several times and an average figure 
taken for each speed step. (See page 77). 
4.1.3 MEASUREMENT OF·THE LOSS·IN·GRIPPING FORCE DUE .TO CENTRIFUGAL 
. FORCES· ON THE· CHUCK· JAWS FITTED· WITH· AN·ADDITIONAL·LOAD WEIGHT. 
(i) Varying the Mass of the Jaws. 
In order to investigate the effect of varying the mass of the 
jaws, an additional load weight was bolted to each chuck jaw and 
measurements of the loss of strain gauge output noted as the speed 
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of rotation of the chuck was increased. Varying the mass of the 
load weight effectively varied the mass of the jaw system and by 
comparing the strain loss of the jaw system + weights with the 
loss due to the jaws alone, gave the loss due to a known weight 
at a known position. (See pages 78-81). 
(ii) Varying the position of the Centre of Gravity of the 
Jaw system. 
The position of the centre of gravity of the jaw system must 
be varied both in line with the axis of the chuck and at right 
angles to the axis of the chuck. Varying the position of the 
load weight at a given ring size varied the position of centre 
of gravity of the system in line with the axis of the chuck. By 
changing the ring size the position of the centre of gravity of 
the system could be varied at right angles to the axis of the 
chuck. 
Measurements of loss of strain in the ring were taken for each 
load position and each speed step. By accurately placing the strain 
gauges between each set of jaws and repeating all measurements 
several times an average figure for each step was obtained. 
(See pageS 78-81). 
After completing all necessary trials for the strain ring size 
concerned, the chuck jaws were replaced and rebored to take the 
next size of ring. This moved the centre of gravity of the jaw 
system further from the axis of the chuck. All the above trials 
were then repeated including measurement of the loss of strain due 
to the chuck jaws alone and the measurement of the initial gripping 
load applied by the chuck. (See pages 76-81). 
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Analysis of the information obtained showed the behaviour of 
the jaw system under centrifugal forces relative to: 
(i) 
(ii) 
(iii) 
(iv) 
the speed of rotation of the system 
the mass of the additional load weights 
the radius of the centroid of the additional load weights 
the distance of the centroid of the additional load weights 
from the diaphragm plate. 
4.2 MEASUREMENT OF THE GRIPPING FORCE OF THE DIAPHRAGM CHUCK AT 
VARYING DISTANCES FROM THE DIAPHRAGM PLATE. 
For each strain ring to be tested the jaws were set to position 
using the setting gauge, air pressure applied to open the jaws and 
the jaws bored out to the required diameter ensuring that the strain 
. ring was a light push fit. The distance of the ring from the 
diaphragm plate was measured using a depth micrometer and the 
distance from the centre of the ring to the centre of the diaphragm 
plate determined, this gave the moment arm x about which the jaw 
load was applied. 
Strain readings were taken with the strain gauges accurately 
positioned between the various jaws and a comparison made between 
the clamped and unclamped conditions. ·The difference in strain 
measurements gave a meaSure of the load applied by the diaphragm 
chuck. 
These readings were repeated several times and an average 
figure taken. (See page B2). 
It is necessary to complete all required trials at any ring 
position prior to reboring and resetting the jaws. Consequently 
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before reboring the chuck jaws to set the strain ring closer to 
the diaphragm plate and thus at a shorter moment arm, trials to 
determine the losses due to centrifugal effects were carried out. 
These were carried out in a similar manner to the previous 
centrifugal force trials with the exceptions that-only the targest 
load weights were used at the position to give the maximum moment 
arm, and consequently the greatest effect. These trials were 
repeated several times and average figures taken. (See page 84). 
The chuck jaws were rebored out to bring the strain ring 
closer to the diaphragm plate and the complete sequence above 
repeated. This alters the moment arm x about which the line of 
action of the chuck operates and should show a marked variation 
in gripping load as the line of action approaches the diaphragm 
plate, the law followed being: 
C = "d Pex 313x = 
Constant 
x 
for any single situation 
when ~ d P ex 13 can be maintained constant. 
Chidlow states that the gripping load is independent of the 
diameter at which the chuck is bored out, and consequently 
measurements of gripping load for the 40, 50 and 60 mm diameter 
strain rings should be similar. The centrifugal losses should 
increase as the radius about which the centroid of the load is 
rotating increases. 
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FIGURE 9: The Lath e and Measuring Equipment. 
FIGURE 10: The Chuck Clamping a Strain Ring . 
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4.3 ANALYSIS OF RESULTS. 
The practical trials carried out gave a measure of the loss 
in gripping force relative to the following factors: 
(i) speed of rotation of the chuck; 
(ii) mass of the jaw system; 
(iii) radius of the centroid of the mass of the jaw system; 
(iv) moment arm of the centra id of the mass of the jaw system 
about the point at which the diaphragm plate deflects; 
(v) the axial distance of the point of clamping from the 
diaphragm plate. 
These factors were tested in two distinct series of trials. 
First, factors (i) to (iv) were systematically varied with the 
strain rings gripped at a similar distance from the diaphragm plate. 
These trials were analysed by curve plotting using a Hew1ett Packard 
HP 85 mini-computer and by using the power curve program, values 
for indices to a law y = axb were obtained, (see Chapter 6, page 94). 
The second series of trials varied the distance of the point of 
gripping from the diaphragm plate. Initially only the 50 mm diameter 
ring was tested, but the practical results analysed could not be 
applied to other ring sizes and consequently .the radial position 
of the jaw system was varied by testing the 30, 40 and 60 mm ring 
sizes. These results were analysed by curve plotting to a power form 
and constants and indices for each ring size relating losses to the 
moment arm, distance· x, about which the point of gripping acted, 
were obtained. 
The initial gripping force was also analysed relative to the 
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moment arm, distance x, about which the point of gripping acted 
and from the laws obtained differing constants and differing 
indices for the moment arm x were obtained. 
These various constants and indices values were plotted for 
the various gripping diameters according to the ring sizes used 
and the graphs on page 86 obtained. 
The 75 mm diameter strain ring was then subjected to a short 
series of trials and the results analysed by curve plotting to a 
power curve form. The constants and indices values obtained 
showed a marked similarity to those projected from the graphs. 
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Distance of Load Line from Diaphragm Plate. 
Ring Dia. mm Distance x mm 
40 43.71 
50 43.55 
60 43.39 
75 43.92 
Comparison between Measured Gripping Load and Theoretical Gripping 
Load at these positions. 
Ring Dia. Measured 
mm Gripping 
Load N 
40 567.0 
50 525.3 
60 591.5 
75 562.5 
* From Chidlow ndPa C = 3ex 
* Theoretical 
Gripping 
Load N 
574.58 
576.69 
578.82 
571.84 
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Loss of Gripping Force due to Jaws alone. 
Ring Diameter Loss of Load N at Speed Rev/Min. 
mm 500 1000 1500 2000 2500 
40 6.2 23.1 51.6 91.2 139.9 
50 6.2 22 .8 51.1 89.4 140.6 
60 5.3 24.0 56.2 99.5 154.7 
75 5.8 27.8 66.0 119.2 186.3 
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Loss of Gripping Force due to Added Weights. 
Ring Diameter 40 mm. Distance x = 43.71 mm. 
Load Position of Loss of Gripping Load N at S~eed Rev /Min. 
is Load mm 500 1000 1500 2000 2500 
. 
75 27.4 4.4 15.9 35.1 59.2 92.8 
32.4 5. 1 18.9 41.4 71.8 111. 7 
37.4 5.8 21.6 48.0 83.7 130.4 
100 27.4 5.5 20.7 46.5 80.2 125.6 
32.4 6.5 24.9 55.7 96.8 150.4 
37.4 7.9 28.9 64.7 112.3 175.4 
125 27.4 7.2 26.5 58.6 102.4 159.0 
32.4 8.5 31.7 69.6 120.9 189.1 
I 37.4 9.7 36.3 80.7 140.4 218.9 
150 27.4 8.3 31.8 70.2 122.3 191.3 
32.4 9.9 37.5 84.0 145.6 227.7 
37.4 11.8 43.8 96.6 172 .3 266.7 
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Ring Diameter 50 mm. Distance x = 43.55 mm. 
Load Position of Loss of Gripping Load N at Speed Rev/Min. 
S Load mm 500 1000 1500 2000 2500 
75 27.4 4.5 17.2 37.9 67.9 102.8 
32.4 5.3 20.2 44.9 80.3 122.3 
37.4 5.9 22.9 52.1 92.2 141.4 
100 27.4 6.1 22.7 51.3 90.0 137.5 
32.4 7.2 26.5 60.1 106.6 164.0 
37.4 8.2 31.0 69.4 123.3 189.3 
125 27.4 7.9 29.1 64.5 113.3 173.8 
32.4 9.2 3.4.3 76.6 133.2 205.1 
37.4 11.0 39.8 88.6 153.9 236.6 
150 27.4 9.1 34.2 76.1 134.0 206.1 
32.4 11.4 41.1 91.3 159.6 246.5 
37.4 13.1 47.0 104.3 183.9 283.6 
. 
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Ring Diameter 60 mm. Distance x = 43.39 mm • 
. 
Load position of Loss of Gripping_ Load N at Speed Rev/Min. 
'Eo Load mm 500 1000 1500 2000 2500 
75 27.4 6.7 20.8 47.6 82.1 128.1 
32.4 7.1 24.6 55.3 97.5 150.8 
37.4 7.7 29.0 64.6 106.3 165.3 
100 27.4 7.4 27.6 62.1 108.6 167.2 
32.4 8.5 31.9 72 .6 128.0 198.3 
37.4 10.2 36.9 83.1 147.3 228.9 
125 27.4 9.1 33.0 74.8 131.9 208.1 
32.4 11.1 39.7 89.2 159.5 250.5 
37.4 12.1 45.8 103.5 184.6 298.3 
150 27.4 11.0 .40.3 91.1 160.5 254.6 
32.4 12.8 48.2 109.1 194.0 312.3 
37.4 14.6 56.0 125.4 224.2 367.1 
• 
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Ring Diameter 75 mm. Distance x = 43.92 mm. 
Load Position of Loss of Gripping Load N at Speed Rev/Min. 
i. .... Load mm 500 1000 1500 2000 2500 
. 
75 27.4 6.5 25.2 57.8 98.1 151.5 
32.4 7.3 28.6 65.0 115.2 178.9 
37.4 7.6 34.0 77 .8 136.4 208.0 
100 27.4 8.9 32.9 74.0 127.8 198.8 
32.4 10.2 38.6 88.2 154.5 237.2 
37.4 11.5 45.5 102.8 180.6 274.5 
125 27.4 11.4 40.3 92.3 161.2 249.1 
32.4 13.9 49.6 111:1 194.4 294.9 
37.4 15.8 57.0 128.2 222.6 345.4 
150 27.4 13.8 49.7 111.4 193.8 294.9 
32.4 16.9 58.7 131.2 232.2 352.2 
37.4 18.3 67.0 154.0 270.2 398.4 
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Gripping Force at Various Diameters and at Various Distances from 
the Diaphragm Plate. 
Distance from Theoretical Measured Theoretical 
Diaphragm Plate mm Gripping Force N Gripping Force N Gripping Force N 
from Chidlow from modified formula 
Ring Dia. 30 mm 
43.45 578 597 647.9 
38.30 655.7 597 714.9 
33.15 757.6 722 800.3 
28.02 896.3 803 912.6 
22.75 1104 957 1073.9 
Ring Dia. 40 mm 
44.03 570.4 510.8 571. 7 
38.79 645.5 544.6 612.2 
33.78 743.5 587 675.7 
30.93 812 650.9 714.3 
23.22 1081.6 756.1 856.0 
Ring Dia. 50 mm 
44.12 569.2 535.3 601.0 
38.54 651. 7 566.2 652.9 
33.73 744.6 653.3 708.4 
28.65 876.6 683.7 782.8 
23.46 1070.5 786.1 884.6 
Ring Dia. 60 mm 
42.87 585.8 602.5 687.0 
37.02 678.4 698.9 779.4 
32.76 766.6 766.8 865.8 
28.18 891.2 871 985.5 
23.01 1091. 5 1036.4 1173.2 
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Expected loss of gripping force at various speeds and distances from the 
diaphragm plate using simple theory. 
Applied load 0.15 kg. 
Height of centra id of load from diaphragm plate 0.0374 m. 
mrw
2h Centrifugal Loss = 
x 
Ring Distance Loss of gripping force at speed 
Diameter x 
in m 500 1000 1500 2000 2500 
.04345 10.6 42.5 95.6 169.9 265.5 
.03830 12.0 48.2 108.4 192.8 301.2 
.03 .03315 13.9 55.7 125.3 222.7 348.0 
.02802 16.5 65.9 148.2 263.5 411. 7 
.02275 20.3 81.1 182.5 324.5 507.0 
.04342 12.4 49.6 111.6 198.4 309.9 
.03852 14.0 55.9 125.8 223.6 349.4 
.04 .03598 15.0 59.8 134.7 239.4 374.0 
.02851 18.9 75.5 169.3 302.1 472.0 
.02295 23.5 93.8 211.1 375.3 586.4 
.04355 14.1 56.5 127.1 226.0 353.2 
.03854 16.0 63.9 143.7 255.4 399.1 
.05 .03345 18.4 73.6 165.5 294.3 459.8 
.02831 21. 7 86.9 195.6 347.7 543.3 
.02318 26.5 106.2 238.9 424.6 663.5 
.04287 16.1 64.6 145.3 258.3 403.6 
.03702 18.7 74.8 168.3 299.1 467.4 
.06 .03276 21.1 84.5 190.1 338.0 528.2 
.02818 24.6 98.2 221.0 393.0 614.0 
.02301 30.1 12.0.:1 ; 270.7 481.3 752.0 
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Measured loss of gripping force at various speeds and distances from the 
diaphragm plate. 
Applied load 0.15 kg 
Height of centroid of load from diaphragm plate 0.0374 m. 
Ring. Distance Loss of gripping force at speed 
Diameter xm 500 1000 1500 I 2000 2500 
.03 .04345 5 22 52 100 183 
.0383 5 23 57 ll4 211 
.03315 8 25 64· 150 212 
.02802 6 29 74 143 256 
.02275 7.5 35 87 168 290 
.04 .04342 9.9 35.3 83.4 147.2 229.4 
.03852 H.9 39.5 87.5 151.1 234.3 
.03598 12.7 46.7 87 •. 2 161.5 263 
.02851 14.7 50.9. 111.9 199.9 297.8 
.02295 15.1 53.1 ll5.7 200.3 307.4 
.05 .04355 13.1 47.0 104.3 183.9 283.6 
.03854 13.3 48.1 108.6 190.3 299.5 
.03345 15.0 54.4 120.2 212.3 325.2 
.02831 15.3 57.3 127.4 228.4 351.7 
.02318 16.9 62.2 136.7 240.1 372.1 
.06 .04287 7.3 57.0 127.6 221.8 351.5 
.03702 17.5 63.7 141.4 255.8 423.1 
.03276 21.6 71. 7 162.0 282.2 452.4 
.02818 20.8 79.6 178.9 317.2 498.7 
.02301 24.6 89.2 198.6 349.6 548.8 
85 
Expected loss of gripping force at various speeds and distances from the 
diaphragm plate using the modified formulae from pages 97 and 143 to 150. 
Applied load 0.15 kg 
Height of centroid of load from diaphragm plate 0.0374 rn. 
1.25 1.94 h 
. mr w Centr1fuga1 loss = K2 =--7f -_::' 
2 
x 
Ring Distance Loss of gripping force at speed 
Diameter x 
rn m 500 1000 1500 2000 2500 
~04.345 6.2 23.9 52.5 91.7 141.4 
.03830 6.8 26.2 57.5 100.4 154.8 
.03 .03315 7.6 29.0 63.8 111.4 171.8 
.02802 8.5 32.8 72.0 125.8 193.9 
.02275 9.9 38.1 83.6 146.1 225.3 
.04342 9.7 37.4 82.1 143.4 221.1 
.03852 10.4 40.1 88.0 153.7 237.0 
.04 .03598 10.9 41. 7 91.5 159.9 246.5 
.02851 12.4 47.7 104.7 183.0 282.2 
.02295 14.1 54.1 118.8 207.6 320.0 
.04355 12.4 47.6 104.5 182.6 281.6 
.03854 13.1 50.2 110.3 192.7 297.1 
.05 .03345 13.9 53.4 117.4 205.1 316.2 
.02831 15.0 57.5 126.3 220.8 340.3 
.02318 16.4 62.8 138.0 241.0 371.6 
.04287 15.8 60.5 133.0 232.3 358.2 
.03702 17.5 67.3 147.8 252.8 398.1 
.06 .03276 19.2 73.5 161.4 282.0 434.7 
.02818 21.3 81.9 179.8 314.3 484.5 
.02301 24.7 94.8 208.1 363.6 560.6 
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Constants to Determine the Gripping Force and the Centrifugal Losses. 
Gripping or Ring Diameter mm 
CONCLUSIONS 
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Chapter 5 
Conclusions and Recommendations for 
Further Research 
The Deflection of the Diaphragm Plate. 
The tests carried out on the deflection characteristics of the 
diaphragm plate show that ·the forces acting in the plate are of a 
complex nature with both radial and hoop stresses involved. These 
stresses alter the shape of the plate depending on the conditions 
involved. Chidlow made a number of assumptions in order to make an 
initial analysis of the action of the diaphragm plate and to 
calculate the gripping forces. It is evident that these assumptions 
are not valid and a closer examination of the system is requIred. 
The stiffening coefficient, determined by experimentation, to 
take into account the effect of the jaw location pieces, is only 
required if calculation of the deflection and the bending moments 
is required. Equating these to determine the gripping force results 
in this coefficient appearing in both parts of the equation, thus 
rendering it unnecessary_ 
The shape of the diaphragm plate changes on changing the loading 
system from the opening conditions when a uniformly distributed load 
is applied around the central hole to the gripping conditions when 
three equally spaced forces are applied through the jaw system at 
some distance from the diaphragm plate. This change in system causes 
the diaphragm plate to buckle and show a definite curvature in the area 
between the jaw location pieces. This shows that some of the force 
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initially applied to open the chuck is lost on gripping due to the 
hoop stresses attempting to relieve themselves. The buckling affects 
the bending moment around the central hole, and consequently the 
assumption that the bending moment around the central hole, due to the 
load applied to open the chuck, equals the total bending moment applied 
by the jaw system when gripping a component is not valid. 
Similarly, the deflection of the diaphragm plate at the central 
hole due to the axial or opening load is not identical to that 
occurring under the gripping effort. 
The Effect of Component Size Variation on the Gripping Force. 
The chuck jaws are bored out to the size required and consequently 
any variation from this size will produce a variation in the gripping 
force. Large tolerances in the finished size of the gripped diameter 
will give problems as the small relative movement of the jaws is unable 
to compensate for this (see page 67). The centrifugal effects are 
independent of the fit of the component in the jaws and of the initial 
gripping force. Consequently problems can occur when large tolerance 
components are machined at high speeds using modern aluminium oxide 
coated cutting tools. Thus the diaphragm chuck is only suitable for 
machining precision components under these conditions. 
The requirement for a precise fit of the jaws to the component 
also affects the performance of the strain rings as a measuring 
system. This system is only suitable for detecting changes in gripping 
force and, whilst it is accurate and repeatable for detecting 
centrifugal effects, it cannot be considered suitable for accurately 
measuring the initta1 gripping force. 
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The Stiffness of the Jaw System. 
The jaw system is stiff when compared to the diaphragm plate 
and consequently the relationship derived by Warnecke and Pahlitzsch 
for use with standard scroll and wedge type chucks does not apply to 
the diaphragm chuck. Provided good design principles are adhered to 
there will be no problems with tilting of the jaws relative to the 
location pieces. 
The Gripping Force. 
The simple law for the gripping force derived by Chidlow is a 
Constant power curve of the form Y = ~~~~ 
x 
for any single situation. 
Chidlow did not investigate the relationship between the gripping 
force and the distance from the diaphragm plate and therefore does 
not show how the gripping force varies with this distance. 
The gripping force was found to vary according to the 
Constant 
relationship Y = f with the index f also varying with the 
x 
gripping diameter. The general law was thus found to be 
The gripping diameter will be dictated by the component 
design and consequently to maintain the maximum gripping power 
the component must be gripped as close to the diaphragm as possible 
within the limits of the system design. 
The Centrifugal Losses. 
The relationship for the centrifugal losses was also expressed 
and analysed 
Y = mrw2h 
x 
as a power curve and was expected to be of the form 
Indices were obtained for the various factors and 
these were incorporated in the general equation. 
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The i,ndi,cel? for thll JIlas.~ of t)le, jllw 1l~l?tE!m IInd the height of the 
centroid of the mass from the diaphragm plate were found to be 1.008 
and 1.0025 respectively. These were considered close enough to 1.0 
to be incorporated into the general relationship as unity for the 
remaining analysis. 
The index for the effect due to the rotational speed W was found 
to be 1.94 whereas a squared relationship was expected. This gave 
rise to significant variations in the losses due to speed at the 
higher values and was therefore included in the general relationship 
for the remaining analysis. 
For practical use and calculation of the expected losses this 
can be taken as a squared relationship and the resulting error over-
estimating the losses accepted as a small factor of safety. 
The index for the effect due to the variation in the radius of 
the centroid of the masS of the jaw system was found to be 1.25 and 
was included in the general relationship for the remaining analysis. 
The speed of rotation of the chuck will be determined by the 
type of operation and the cutting speed used. In order to reduce the 
losses due to the centrifugal effects the chuck jaws should be 
designed with as small as possible a radius of the centroid of the 
jaw from the axis of the chuck. 
The index for the effect que to the distance of the clamping 
paint from the diaphragm plate varies with the clamping diameter and 
is shown graphically on page 86. 
The general law relating to the various factors was found to be 
which can be simplified to 
for practical purposes. 
mr 1 . 25 Wl.9~ h 
if2 
91 
The law for the gripping force at any speed then becomes 
values for KI, Kz, fl and f2 are obtainable from the graph on 
page 86. 
This curve shows an inflexion at the 50mm gripping diameter 
.which cOincides with the mid-point of the chuck capacity and the 
change in shape of the diaphragm plate when in the component 
gripping condition. 
Further work is therefore required to ,analyse this condition 
and to give a fuller understanding of the variation in the hoop 
and radial stresses within the diaphragm plate, possibly by using 
photo-elastic analysis techniques and stress freezing the diaphragm 
plate in the various lo~ding conditions. 
Similarly the assumption equating the bending moments due to the 
opening load and the gripping effort is not valid and further analysis 
of this condition is required. 
The strain ring measuring system was considered only suitable 
for detecting changes in gripping force as it is not independent 
of the fit of the ring in the jaws. Further work would therefore 
be recommended to investigate an adequate load measuring system, 
possibly adjustable, which would be independent of the fit in the 
jaw system. 
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Chapter 6 
Analysis of the Experimental Results 
It was decided to analyse the results by curve plotting 
using a Hewlett Packard mini-computer in conjunction with the 
standard Pac HP85. 
6.1.1 ANALYSIS OF THE RESULTS OF PART 1 OF THE TRIALS BY 
CURVE PLOTTING. 
The results of Part 1 were analysed in the following order: 
(i) relative to the rotational speed 
(ii) relative to the mass of the additional load weight 
(iii) relative to the radius of the centroid of the additional 
load weight. 
(iv) relative to the distance of the centroid of the additional 
load weights from the diaphragm plate. 
(i) RELATIVE TO SPEED. 
By comparing the centrifugal losses at similar ring sizes it 
is possible to maintain the values of r and x constant such that 
simplifies to 
2 h 
FCF = mr tJ) x 
Thus dividing the centrifugal losses by the corresponding mass 
and height of centroid of the additional load weight gives 
which can easily be analysed to give an index value of b for each 
ring size. 
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(ii) RELATIVE TO THE MASS OF THE ADDITIONAL LOAD WEIGHTS. 
The centrifugal losses can now be analysed by maintaining 
the values of r and x constant and by dividing the losses at 
each ring size by the effect due to speed and the height of the 
centroid of the additional load weights, which gives 
mr w
b h 
x 
The value of the index a can now be obtained for each ring size. 
(iii) RELATIVE TO THE RADIUS OF THE CENTROID OF THE ADDITIONAL 
LOAD WEIGHT. 
The losses can now be divided by the effect due to the speed, 
mass of the load weight and the height of the centroid of the load 
weight from the diaphragm plate. The distance x once again being 
maintained constant. Thus the centrifugal force equation 
a b h ;: m r w 
x 
becomes 
The results were analysed in blocks of information with one 
block for each increment of increase in load weight. Thus a value 
of index d can be obtained for each load weight. 
- - - - -------~~~~~~- - - - -
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(iv) RELATIVE TO THE DISTANCE OF THE CENTROID OF THE ADDITIONAL 
LOAD WEIGHT FROM THE DIAPHRAGM PLATE. 
The losses are now divided by the effect due to the speed, 
mass and radius of the centroid of the mass from the axis of the 
chuck. The distance x once again being maintained constant. The 
centrifugal force equation 
becomes 
a d b 
m r w 
The results were analysed from each ring diameter and a value 
of index e obtained for each ring diameter. 
6.1.2 RESULTS OF THE ANALYSIS BY·CURVE·PLOTTING. 
(i) RELATIVE TO SPEED. 
FCF 
=k b IJl 
mr 
Ring Dia (mm) Curve Fit. 
40 1.025 1.924 (r2 1.000) w = 
50 1.031 1.939 (r2 1.000) w = 
60 1.235 1.941 (r2 0.999) IJl = 
75 1.428 1.948 (r2 0.999) IJl = 
Average OVer all ring diameter 
b = 1.938 et 1.94 
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This shows some departure from the expected value of 2 for 
a square relationship giving rise to significant differences in 
the value of F7~Jb at the higher values of speed, 
i.e. s = 1500 to 2500 rev/min. 
(ii) RELATIVE TO THE MASS OF THE ADDITIONAL LOAD WEIGHT. 
FCF 
= k' a 
h wb 
m 
Ring Dia (mm) Curve Fit 
40 0.899 1.013 (r2 0.996) m 
50 0.956 1.03 (r2 0.995) m = 
60 1.362 0.96 (r2 0.978) m = 
1.305 1.029 2' 75 m (r = 0.985) 
Average over all ring diameter 
a = 1.008 '" 1 
This shows a good agreement with the value expected from the 
theoretical centrifugal force equation and shows the effect to be 
directly proportional to the mass of the load weight. 
(iii) RELATIVE TO THE RING DIAMETER'AND'CONSEQUENTLY TO THE RADIUS 
OF THE'CENTROID:OF'THE:MASS:OF'THE'ADDITIONAL LOAD WEIGHT. 
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Mass (g) Curve Fit 
75 10.5 1.25 (/ 0.939) r 
100 10.6 1.245 (r2 0.984) r = 
125 10.7 1.246 (r2 0.981) r = 
150 10.6 1.247 (r2 0.974) r = 
Average over all values of mass 
d = 1.247 ~ 1.25 
This shows some departure from the expected value of 1 for a 
linear relationship and will again show significant differences 
especially at the higher values of load weight. 
(iv) RELATIVE TO THE DISTANCE: OF-THE: CENTROID OF-THE. MASS OF THE 
- -LOAD -WEIGHT -FROM· THE: DIAPHRAGM -PLATE. 
FCF 
= k'" he 
c d b 
m r w 
Ring Dia (nun) Curve Fit 
40 54.8h1•037 (/ = 0.981) 
50 56.7 h 1•OO4 (r2 0.977) 
60 64.8 h 0.977 (r2 = 0.913) 
75 60.6 hO•992 (r2 = 0.934) 
Average over all ring diameters 
e = 1.0025 "" 1 
This shows a good agreement with the value expected from the 
theoretical centrifugal force equation of 1 for a linear 
relationship. 
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6.1.3 THE CENTRIFUGAL'FORCE'EQUATION'RESULTING'FROMTHE 
'CURVE PLOTTING: ANALYSIS. 
The expected loss in gripping force due to the centrifugal 
forces acting on the chuck jaws can be seen to be of the form 
The value of the index f requires a different set of trials 
which are analysed in section 6.2 page 137 • 
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6.1.4 THE EQUATIONS FOR'CURVE'FITTING. 
The curve fitting was carried out using a Hewlett Packard 
mini-computer with the Standard Pac HP85 curve fitting program. 
The curves of load lost against speed were expected to be of 
the form 
FCF b 
--=kw 
roh 
this is a power curve fit of the form 
such that 
b Y = a x 
(r tn x.)(r tn y.) 
L(tn x.)(tn y.) ____ -=1. ___ ...;1.=__ 
1. 1. n b = 
, 2 
Htn x.) 
1 
tL tn Yi a = exp n - b 
2 
r = 
(L tn 
n 
2 
x. ) 
1. 
The value r2 indicates the quality of fit achieved and values 
close to 1.00 indicate best fits. 
For this power curve fit all x. and y. values must be positive 
1. 1. 
and non-zero. 
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Ring diameter 40 mm x = 43.71 mm r = 35 mm 
b h F =mrW-
CF x 
Speed rad/s 52.36 104.72 157.08 209.44 261.8 
rev/min 500 1000 1500 2000 2500 
Mass m Height h 
.0274 2141 7737 17080 28808 45158 
.075 .0324 2099 7778 17037 29547 45967 
.0374 2068 7701 17112 29840 46488 
.0274 2007 7555 16971 29270 45839 
.100 .0324 2372 7685 1719l 29877 46420 
.0374 2112 7727 17299 30027 46898 
.0274 2102 7737 17109 29898 46423 
.125 .0324 2099 7827 17185 29852 46691 
.0374 2075 7765 17262 30032 46824 
.0274 2019 7737 17080 29757 46545 
.150 .0324 2037 7716 17284 29959 46852 
.0374 2103 7807 17219 30713 47540 
1. 025 w1. 924 
----
I X(I) Y(I) YHAT RESIDUALS 100 
1 52.36 2141 2076.5 64.5 
2 52.36 2099 2076.5 22.5 
3 52.36 2068 2076.5 -8.5 
4 52.36 2007 2076.5 -69.5 
5 52.36 2372 2076.5 295.5 
6 52.36 2112 2076.5 35.5 
7 52.36 2102 2076.5 25.5 
8 52.36 2099 2076.5 22.5 
9 52.36 2075 2076.5 -1.5 
10 52.36 2019 2076.5 -57.5 
11 52.36 2037 2076.5 -39.5 
12 52.36 2103 2076.5 26.5 
13 104.72 7737 7877.8 -140.8 
14 104.72 7778 7877 .8 -99.8 
15 104.72 7701 7877.8 -176.8 
16 104.72 7555 7877.8 -322.8 
17 104.72 7685 7877.8 -192.8 
18 104.72 7727 7877.8 -150.8 
19 104.72 7737 7877.8 -140.8 
20 104.72 7827 7877 .8 -50.8 
21 104.72 7765 7877.8 -112.8 
22 104.72 7737 7877.8 -140.8 
23 104.72 7716 7877.8 -161.8 
24 104.72 7807 7877.8 -70.8 
25 157.08 17080 17184.7 -104.7 
26 157.08 17037 17184.7 -147.7 
27 157.08 17112 17184.7 -72.7 
28 157.08 16971 17184.7 -213.7 
29 157.08 17191 17184.7 6.3 
30 157.08 17299 17184.7 114.3 
31 157.08 17109 17184.7 -75.7 
32 157.08 17185 17184.7 0.3 
33 157.08 17262 17184.7 773 
34 157.08 17080 17184.7 -104.7 
35 157.08 17284 17184.7 99.3 
36 157.08 17219 17184.7 34.3 
37 209.44 28808 29887.0 -1079.0 
38 209.44 29547 29887.0 -340.0 
39 209.44 29840 29887.0 -47.0 
40 209.44 29272 29887.0 -617.0 
41 209.44 29877 29887.0 -10.0 
42 209.44 30027 29887.0 140.0 
43 209.44 29898 29887.0 11.0 
44 209.44 29852 29887.0 -35.0 
45 209.44 30032 29887.0 145.0 
46 209.44 29757 29887.0 -130.0 
47 209.44 29959 29887.0 72.0 
48 209.44 30713 29887.0 826.0 
49 261.80 45158 45909.6 -751.6 
50 261.80 45967 45909.6 57.4 
51 261. 80 46488 45909.6 578.4 
52 261.80 45839 45909.6 -70.6 
53 261.80 46420 45909.6 510.4 
54 261. 80 46898 45909.6 988.4 
55 261.80 46423 . 45909.6 513.4 
56 261. 80 46691 45909.6 781.4 
57 261.80 46824 45909.6 914.4 
58 261. 80 46545 45909.6 635.4 
59 261. 80 46852 45909.6 942.4 
60 261.80 47540 45909.6 1630.4 
YHAT = 1.025X A 1.924 
101 
Ring diameter 50 mm x =,43.55 mm r = 40 mm 
b h FCF b 
FCF = mr W x mh = kw 
Speed rad/s 52.36 104.72 157.08 209.44 261.8 
rev/min 500 1000 1500 2000 2500 
Mass m Height h 
.0274 2190 8370 18442 33041 50024 
.075 .0324 2181 8313 18477 33045 50329 
.0374 2103 8164 18574 32870 50410 
.0274 2226 8285 18723 32847 50182 
.100 .0324 2222 8179 18549 32901 50617 
.0374 2193 8289 18556 32968 50615 
.0274 2307 8496 18832 33080 50745 
.125 .0324 2272 8469 18914 32889 50642 
.0374 2353 8513 18952 32920 50610 
.0274 2214 8321 18516 32603 50146 
.150 .0324 2346 8457 18786 32840 50720 
.0374 2335 8378 18592 32781 50553 
F ;~ = 1.031 w1. 939 
I X(I) Y(I) YHAT RESIDUALS 
1 52.36 2190 2220.6 -30.6 
2 52.36 21S1 2220.6 -39.6 
3 52.36 2103 2220.6 -117.6 
4 52.36 2226 2220.6 5.4 
5 52.36 2222 2220.6 1.4 
6 52.36 2193 2220.6 -27.6 
7 52.36 2307 2220.6 86.4 
8 52.36 2272 2220.6 51.4 
9 52.36 2353 2220.6 173.4 
10 52.36 2214 2220.6 -6.6 
11 52.36 2346 2220.6 125.4 
12 52.36 2335 2220.6 114.4 
13 104.72 8370 8514.6 -144.6 
14 104.72 8313 8514.6 -201.6 
15 104.72 8164 8514.6 -350.6 
16 104.72 8285 8514.6 -229.6 
17 104.72 8179 8514.6 -335.6 
18 104.72 8289 8514.6 -225.6 
19 104.12 8496 8514.6 -18.6 
20 104.72 8469 8514.6 -45.6 
21 104.12 8513 8514.6 -1.6 
22 104.12 8321 8514.6 . -193.6 
23 104.72 8457 8514.6 -57.6 
24 104.72 8378 8514.6 -136.6 
25 157.08 18442 18689.7 -247.7 
26 157.08 18477 18689.7 -212.7 
27 157.08 18574 18689.7 -115.7 
28 157.08 18723 18689.7 33.3 
29 157.08 18549 18689.7 -140.7 
30 157.0S IS556 IS6S9.7 -133.7 
31 157.0S 18832 18689.7 142.3 
32 157.08 18914 18689. 'l 224.3 
33 157.0S 18952 18689.7 262.3 
34 157.08 IS516 18689.7 -173.4 
35 157.0S IS786 18689.7 96.3 
36 157.08 1S592 lS689.7 -97.7 
37 209.44 33041 32647.8 393.2 
38 209.44 33045 32647.8 397.2 
39 209.44 32870 32647.8 222.2 
40 209.44 32847 32647.8 199.2 
41 209.44 32901 32647.8 253.2 
42 209.44 32960 32647.8 320.2 
43 209.44 33080 32647.8 432.2 
44 209.44 32S89 32647.8 241.2 
45 209.44 32920 32647.8 272.2 
46 209.44 32603 32647.8 -44.8 
47 209.44 32840 32647.8 192.2 
48 209.44 32781 32647.8 133.2 
49 261.80 50024 50322.2 -29S.2 
50 261. SO 50329 50322.2 6.8 
51 261. 80 50410 50322.2 87.8 
52 261.80 50182 50322.2 -140.2 
53 261. 80 50617 50322.2 294.8 
54 261. 80 50615 50322.2 292.8 
55 261.80 50745 50322.2 422.8 
56 261. 80 50642 50322.2 319.8 
57 261.80 50610 50322.2 287.8 
5S 261. SO 50146 50322.2 -176.2 
59 261. 80 50120 50322.2 397.8 
60 261. 80 50553 50322.2 230.8 
YHAT = 1.031X A 1.939 
103 
Ring diameter 60 mm x = 43.39 mm 
Speed rad/s 
rev/min 
Mass m Height h 
.0274 
.075 .0324 
.0374 
.0274 
.100 .0324 
.0374 
.0274 
.125 .0324 
.0374 
.0274 
.150 .0324 
.0374 
b h 
FCF = mr W x 
52.36 104.72 
500 1000 
3260 10122 
2922 10123 
2745 10339 
2701 10073 
2623 9846 
2727 9866 
2657 9635 
2741 9802 
2588 9797 
2676 9805 
2634 9918 
2602 9982 
FCF b 
-= kw 
mh 
157.08 
1500 
23163 
22757 
23030 
22664 
22407 
22219 
21839 
22025 
22139 
22165 
22449 
22353 
F CF = 1. 235 w1. 941 
mh 
r = 45 mm 
209.44 261.8 
2000 2500 
39951 62336 
40123 62058 
37897 58930 
39635 61022 
39506 61204 
39385 61203 
38511 60759 
39383 61852 
39487 63807 
39051 61946 
39918 64259 
39964 65437 
- -
I X(l) Y(I) 104 YHAT RESIDUALS 
1 52.36 3260 2677.1 582.9 
2 52.36 2922 2677.1 244.9 
3 52.36 2745 2677.1 67.9 
4 52.36 2701 2677.1 23.9 
5 52.36 2623 2677.1 -54.1 
6 52.36 2727 2677.1 49.9 
7 52.36 2657 2677.1 -20.1 
8 52.36 2741 2677.1 63.9 
9 52.36 2588 2677.1 -89.1 
10 52.36 2676 2677.1 -1.1 
11 52.36 2634 2677.1 -43.1 
12 52.36 2602 2677.1 -75.1 
13 104.72 10122 10276.8 -154.8 
14 104.72 10123 10276.8 153.8 
15 104.72 10339 10276.8 62.2 
16 104.72 10073 10276.8 -203.8 
17 104.72 9846 10276.8 -430.8 
18 104.72 9866 10276.8 -410.8 
19 104.72 9635 10276.8 -641. 8 
20 104.72 9802 10276.8 -474.8 
21 104.72 9797 10276.8 -479.8 
22 104.72 9805 10276.8 -471.8 
23 104.72 9918 10276.8 -358.8 
24 104.72 9982 10276.8 -294.8 
25 157.08 23163 22572.7 590.3 
26 157.08 22757 22572.7 184.3 
27 157.08 23030 22572.7 457.3 
28 157.08 22664 22572.7 91.3 
29 157.08 22407 22572.7 -165.7 
30 157.08 22219 22572.7 -353.7 
31 157.08 21839 22572.7 -733.7 
32 157.08 22025 22572.7 -547.7 
33 157.08 22139 22572.7 -433.7 
34 157.08 22165 22572.7 -407.7 
35 157.08 22449 22572.7 -123.7 
36 157.08 22353 22572.7 -219.7 
37 209.44 39951 39449.7 501.3 
38 209.44 40123 39449.7 673.3 
39 209.44 37897 39449.7 -1552.7 
40 209.44 39635 39449.7 185.3 
41 209.44 39506 39449.7 56.3 
42 209.44 39385 39449.7 -64.7 
43 209.44 38511 39449.7 -938.7 
44 209.44 39383 39449.7 -66.7 
45 209.44 39487 39449.7 37.3 
46 209.44 39051 39449.7 -398.7 
47 209.44 39918 39449.7 468.3 
48 209.44 39964 39449.7 514.3 
49 261.80 62336 60828.9 1507.1 
50 261.80 62058 60828.9 1229.1 
51 261.80 58930 60828.9 -1898.9 
52 ·261.80 61022 60828.9 193.1 
53 261. 80 61204 60828.9 375.1 
54 261.80 61203 60828.9 374.1 
55 261. 80 60759 60828.9 -69.9 
56 261. 80 61852 60828.9 . 1023.1 
57 261. 80 63807 60828.9 2978.1 
58 261. 80 61946 60828.9 1117.1 
59 261.80 64259 60828.9 3430.1 
60 261. 80 65437 60828.9 4608.1 
YHAT = 1.235X A 1.941 
- - -- ---------------------------- - - --
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Ring diameter 75 mm x = 43.92 mm r = 52.5 mm 
b h F =mrw-
CF x 
Speed rad/s 52.36 104.72 157.08 209.44 261. 8 
rev/min 500 1000 1500 2000 2500 
Mass m Height h 
.0274 3163 12263 28127 47737 73727 
.075 .0324 3004 11970 26749 47407 73621 
.0374 2709 12121 27736 48627 74153 
.0274 3248 12007 27007 46642 72555 
.100 .0324 3148 11914 27222 47685 73210 
.0374 3045 12166 27487 48289 73396 
.0274 3328 11766 26949 47066 72730 
.125 .0324 3432 12247 27432 48000 72815 
.0374 3380 12193 27422 47615 73882 
.0274 3358 12092 27105 47153 71752 
.150 .0324 3477 12078 26996 47778 72469 
.0374 3262 11943 27451 48164 71016 
-= 
mh 1.428 w1.
948 
I XCI) Y(I) YHAT RESIDUALS 106 
1 52.36 3163 3184.4 -21.4 
2 52.36 3004 3184.4 -130.4 
3 52.36 2709 3184.4 -475.4 
4 52.36 3248 3184.4 63.6 
5 52.36 3148 3184.4 -36.4 
6 52.36 3045 3184.4 -139.4 
7 52.36 3328 3184.4 143.6 
8 52.36 3432 3184.4 247.6 
9 52.36 3380 3184.4 195.6 
10 52.36 3358 3184.4 173.6 
11 52.36 3477 3184.4 292.6 
12 52.36 3262 3184.4 77 .6 
13 104.72 12263 12284.6 -21.6 
14 104.72 11970 12284.6 -314.6 
15 104.72 12121 12284.6 -163.6 
16 104.72 12007 12284.6 -277 .6 
17 104.72 11914 12284.6 -370.6 
18 104.72 12166 12284.6 -118.6 
19 104.72 11766 12284.6 -518.6 
20 104.72 12247 12284.6 -37.6 
21 104.72 12193 12284.6 -91.6 
22 104.72 12092 12284.6 -192.6 
23 104.72 12078 12284.6 -206.6 
24 104.72 11943 12284.6 -341.6 
25 157.08 28127 27061.0 1066.0 
26 157.08 26749 27061.0 -312 .0 
27 157.08 27736 27061.0 675.0 
28 157.08 27007 27061.0 -54.0 
29 157.08 27222 27061.0 161.0 
30 157.08 27487 27061.0 426.0 
31 157.08 26949 27061.0 -112.0 
32 157.08 27432 27061.0 371.0 
33 157.08 27422 27061.0 361.0 
34 157.08 27105 27061.0 44.0 
35 157.08 26996 27061.0 -65.0 
36 157.08 27451 27061.0 390.0 
37 209.44 47737 47390.9 346.1 
38 209.44 47407 47390.9 16.1 
39 209.44 48627 47390.9 1236.1 
40 209.44 46642 47390.9 -748.9 
41 209.44 47685 47390.9 294.1 
42 209.44 48289 47390.9 898.1 
43 209.44 47066 47390.9 -324.9. 
44 209.44 48000 47390.9 609.1 
45 209.44 47615 47390.9 224.1 
46 209.44 47153 47390.9 -237.9 
47 209.44 47778 47390.9 387.1 
48 209.44 48164 47390.9 773.1 
49 261. 80 73727 73190.2 536.8 
50 261.80 73621 73190.2 430.8 
51 261. 80 74153 73190.2 962.8 
52 261.80 72555 73190.2 -635.2 
53 261.80 73210 73190.2 19.8 
54 261. 80 73396 73190.2 205.8 
55 261.80 72730 73190.2 -460.2 
56 261.80 72815 73190.2 -375.2 
57 261. 80 73882 73190.2 691.8 
58 261.80 71752 73190.2 -1438.2 
59 261.80 72469 73190.2 -721.2 
60 261. 80 71016 73190.2 -2174.2 
YHAT = 1. 428X " 1.948 
GRAPHS OF LOSS OF GRIPPING FORCE AGAINST SPEED OF ROTATION OF CHUCK 
50 Ring Dia 40 mm 50 Ring Dia 50 mm 
40 Y = 1.025 w1.924 40 Y = 1.031 w
l
•
939 
FCF 330 F 30 
..9: x 103 
-x 10 
mh mh 20 20 
10 10 
SPEED 0 500 1000 1500 2000 2500 SPEED 0 500 1000 1500 2000 2500 
rev/min rev/min 
70 0 
"" Ring Dia 75 mm 
60 Ring Dia 60 mm 60 Y = 1. 428 w 1.948 
50 Y = 1.235 w1.941 50 
40 PeF 3 40 
-xlO 
F mh CF x 103 30 30 
mh 
20 20 
10 10 
SPEED 0 500 1000 1500 2000 2500 SPEED 0 500 1000 1500 2000 2500 
rev/min rev/min 
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Ring Diameter 40 mm x = 43.71 mm r = 35 mm b = 1. 924 
F = mr w1•924 ~ 
CF x 
Speed'rev/min 500 1000 1500 2000 2500 
t261T~ 1. 92 4 2028 7703 16800 29225 44890 
Hass m Height h 
.0274 .07918 .07533 .07625 .07393 .07545 
.075 .0324 .07762 .07573 .07606 .07583 .07680 
.0374 .07647 .07498 .07639 .07658 .07767 
.0274 .09898 .09808 .10102 .10015 .10211 
.100 .0324 .09892 .09977 .10233 .10223 .10341 
.0374 .10416 .10032 .10297 .10274 .10447 
.0274 .12957 .12556 .12730 .12788 .12927 
.125 .0324 .12936 .12701 .12787 .12768 .13002 
.0374 .12789 .12600 .12844 .12845 .13038 
.0274 .14937 .15067 .15250 .15273 .15553 
.150 .0324 .15067 .15025 .15432 .15377 .15656 
.0374 .15558 .15203 .15374 .15764 .15886 
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I X(1) Y (I) YHAT RESIDUALS 
1 75 79.18 76.13 3.05 
2 75 77 .62 76.13 1.49 
3 75 76.47 76.13 0.34 
4 75 75.33 76.13 -0.80 
5 75 75.73 76.13 -0.40 
6 75 74.98 76.13 -1.15 
7 75 76.25 76.13 0.12 
8 75 76.06 76.13 -0.07 
9 75 76.39 76.13 0.26 
10 75 73.93 76.13 -2.20 
11 75 75.83 76.13 -0.30 
12 75 76.58 76.13 0.45 
13 75 75.45 76.13 -0.68 
14 75 76.80 76.13 0.67 
15 75 77 .67 76.13 1.54 
16 100 98.98 101.90 -2.92 
17 100 98.92 101.90 -2.98 
18 100 104.16 101. 90 2.26 
19 100 98.08 101.90 -3.82 
20 100 99.77 101.90 -2.13 
21 100 100.32 101.90 -1.58 
22 100 101.02 101.90 -0.88 
23 100 102.33 101.90 0.43 
24 100 102.97 101.90 1.07 
25 100 100.15 101.90 -1. 75 
26 100 102.23 101.90 0.33 
27 100 102.74 101. 90 0.84 
28 100 102.11 101.90 0.21 
29 100 103.41 101.90 1.51 
30 100 104.47 101. 90 2.57 
31 125 129.57 127.75 1.82 
32 125 129.36 127.75 1.61 
33 125 127.89 127.75 0.14 
34 125 125.56 127.75 -2.19 
35 125 127.01 127.75 -0.74 
36 125 126;00 127.75 -1. 75 
37 125 127.30 127.75 -0.45 
38 125 127.87 127.75 0.12 
39 125 128.44 127.75 0.69 
40 125 127.88 127.75 0.13 
41 125 127.68 127.75 -0.07 
42 125 128.45 127.75 0.70 
43 125 129.27 127.75 1.52 
44 125 130.02 127.75 2.27 
45 125 130.38 127.75 2.63 
46 150 149.37 153.67 -4.30 
47 150 150.67 153.67 -3.0D 
48 150 155.58 153.67 1.91 
49 150 150.67 153.67 -3.00 
50 150 150.25 153.67 -3.42 
51 150 152.03 153.67 -1.64 
52 150 152.50 153.67 -1.17 
53 150 154.32 153.67 0.65 
54 150 153.74 153.67 0.07 
55 150 152.73 153.67 -0.94 
56 150 153.77 153.67 0.10 
57 150 157.64 153.67 3.97 
58 150 
, 
155.53 153.67 1.86 
59 150 156.56 153.67 2.89 
60 150 158.86 153.67 5.19 
YHAT = 0.959X " 1.013 
110 
Ring Diameter 40 mm x = 43.71 mm r. = 35 mm b = 1. 94 
F = mr w1•94 ~ 
CF x 
Speed rev/min 500 1000 1500 2000 2500 
F:;j 1.94 2162 8290 18230 31810 49060 
Hass m Height h 
.0274 .07427 .07066 .07152 .06935 .07077 
.075 .0324 .07281 .07104 .07135 .07113 .07204 
.0374 .07173 .07033 .07166 .07183 .07286 
.0274 .09285 .09200 .09476 .09394 .09578 
.100 .0324 .09279 .09359 .09599 .09589 .09700 
.0374 .09761 .0941 .09659 .09637 .09799 
.0274 .12154 .11778 .11941 .11995 .12126 
.125 .0324 .12l34 .11914 .11994 .11977 .12196 
.0374 .11996 .11819 .12048 .12049 .12230 
.0274 .14011 .14133 .14305 .14326 .14589 
.150 .0324 .14133 .14094 .14476 .14424 .14686 
.0374 .14594 .14261 .14421 .14787 .14901 
= 0.899 m1.013 
111 
I XCI) Y (I) YHAT RESIDUALS 
1 75 74.27 71.41 2.86 
2 75 70.66 71.41 -0.75 
3 75 71.52 71.41 0.11 
4 75 69.35 71.41 -2.06 
5 75 70.77 71.41 -0.64 
6 75 72.81 71.41 1.40 
7 75 71.04 71.41 -0.37 
8 75 71.13 71.41 -0.28 
9 75 72.04 71.41 0.63 
10 75 71. 73 71.41 0.32 
11 75 70.33 71.41 -1.08 
12 75 71.66 71.41 0.25 
13 75 71.83 71.41 0.42 
14 75 72.86 71.41 1.45 
15 75 71.35 71.41 -0.06 
. 
16 100 92.85 95.58 -2.73 
17 100 92.00 95.58 -3.58 
18 100 94.76 95.58 -0.82 
19 100 93.94 95.58 -1.64 
20 100 95.78 95.58 0.20 
21 100 92.79 95.58 -2.79 
22 100 93.59 95.58 -1.99 
23 100 95.99 95.58 0.41 
24 100 95.89 95.58 0.31 
25 100 97.00 95.58 1.42 
26 100 97.61 95.58 2.03 
27 100 94.10 95.58 -1.48 
28 100 96.59 95.58 1.01 
29 100 96.37 95.58 0.79 
30 100 97.99 95.58 2.4f 
31 125 121.54 119.83 1.71 
32 125 117.78 119.83 -2.05 
33 125 119.41 119.83 -0.42 
34 125 119.95 119.83 0.12 
35 125 121. 26 119.83 1.43 
36 125 121. 34 119.83 1.51 
37 125 119.14 119.83 -0.69 
38 125 119.94 119.83 0.11 
39 125 119.77 119.83 -0.06 
40 125 121.96 119.83 2.13 
41 125 119.96 119.83 0.13 
42 125 118.19 119.83 -1.64 
43 125 120.48 119.83 0.65 
44 125 122.30 119.83 2.47 
45 125 120.49 119.83 0.66 
46 150 140.11 144.14 -4.03 
47 150 141.33 144.14 -2.81 
48 150 143.05 144.14 -1.09 
49 150 143.26 144.14 -0.88 
50 150 145.89 144.14 1. 75 
51 150 141. 33 144.14 -2.81 
52 150 140.94 144.14 -3.20 
53 150 144.76 144.14 0.62 
54 150 144.24 144.14 0.10 
55 150 146.86 144.14 2.72 
56 150 145.94 144.14 1.80 
57 150 142.61 144.14 -1.53 
58 150 144.21 144.14 0.07 
59 150 147.87 144.14 3.73 
60 150 149.01 144.14 4.87 
yHAT = 0.899X A 1.013 
112 
Ring Diameter 50 mm x = 43.55 mm 
F . 1.94 h = mr W -CF x 
Speed rev/min 
P:;j 1.94 
Mass m Height h 
.0274 
.075 .0324 
.0374 
.0274 
.100 .0324 
.0374 
.0274 
.125 .0324 
.0374 
.0274 
.150 .0324 
.0374 
500 
2162 
.07596 
.07566 
.07297 
.10297 
.10279 
.10141 
.13336 
.13134 
.13604 
.15362 
.16274 
.16201 
FCF 
1.94 
mw 
1000 
8290 
.07572 
.07521 
.07386 
.09994 
.09866 
.09998 
.12811 
.12770 
.12837 
.15056 
.15302 
.15159 
r = 40 mm b = 1. 94 
1500 2000 2500 
18230 31810 49060 
.07588 .07790 .07647 
.07602 .07791 .07694 
.07642 .07750 .07706 
.10270 .10326 .10229 
.10175 .10343 .10317 
.10179 .10364 .10317 
.12913 .12999 .12929 
.12969 .12924 .12903 
.12995 .12936 .12895 
.15235 .15374 .15332 
.15457 .15485 .15508 
.15298 .15458 .1.5456 
I X(l) Y (I) YHAT RESIDUALS 113 
1 75 75.69 76.11 -0.42 
2 75 75.66 76.11 -0.45 
3 75 72 .97 76.11 -3.14 
4 75 75.72 76.11 -0.39 
5 75 75.21 76.11 -0.90 
6 75 73.86 76.11 -2.25 
7 75 75.88 76.11 -0.23 
8 75 76.02 76.11 -0.09 
9 75 76.42 76.11 0.31 
10 75 77 .90 76.11 1. 79 
11 75 77.91 76.11 1.80 
12 75 77 .50 76.11 1.39 
13 75 76.47 76.11 0.36 
14 75 76.94 76.11 0.83 
15 75 77 .06 76.11 0.95 
16 100 102.97 102.36 0.61 
17 100 102.79 102.36 0.43 
18 100 101.41 102.36 -0.95 
19 100 99.94 102.36 -2.42 
20 100 98.66 102.36 -3.70 
21 100 99.98 102.36 -2.38 
22 100 102.70 102.36 0.34 
23 100 101. 75 102.36 -0.61 
24 100 101. 79 102.36 -0.57 
25 100 103.26 102.36 0.90 
26 100 103.43 102.36 1.07 
27 100 103.64 102.36 1.28 
28 100 102.29 102.36 -0.07 
29 100 103.17 102.36 0.81 
30 100 103.17 102.36 0.81 
31 125 133.36 128.81 4.55 
32 125 131.34 128.81 2.53 
33 125 136.04 128.81 7.23 
34 125 128.11 128.81 -0.70 
35 125 127.70 128.81 -1.11 
36 125 128.37 128.81 -0.44 
37 125 129.13 128.81 0.32 
38 125 129.69 128.81 0.88 
39 125 129.95 128.81 1.14 
40 125 129.99 128.81 1.18 
41 125 129.24 128.81 0.43 
42 125 129.36 128.81 0.55 
43 125 129.29 128.81 0.48 
44 125 129.03 128.81 0.22 
45 125 128.95 128.81 0.14 
46 150 153.62 155.42 -1.80 
47 150 162.74 155.42 7.32 
48 150 162.01 155.42 6.59 
49 150 150.56 155.42 -4.86 
50 150 153.02 155.42 -2.40 
51 150 151.59 155.42 -3.83 
52 150 152.35 155.42 -3.07 
53 150 154.57 155.42 -0.85 
54 150 152.98 155.42 -2.44 
55 150 153.74 155.42 -1.68 
56 150 154.85 155.42 -0.57 
57 150 154.58 155.42 -0.84 
58 150 153.32 155.42 -2.10 
59 150 155.08 155.42 -0.34 
60 150 154.56 155.42 -0.86 
YHAT = o. 892X " 1.030 
114 
Ring Diameter 60 mm x = 43.39 mm r = 45 mm b = 1. 94 
F . = mr w1. 94 ~ 
CF x 
Speed rev/min 500 1000 1500 2000 2500 
t2:£11.94 2162 8290 18230 31810 49060 
Mass m Height h 
.0274 .11310 .09157 .09529 .09420 .09530 
.075 .0324 .10136 .09159 .09363 .09460 .09487 
.0374 .09523 .09353 .09475 .08935 .09009 
.0274 .12492 .12151 .12432 .12460 .12438 
.100 .0324 .12134 .11877 .12292 .12419 .12475 
.0374 .12615 .11902 .12188 .12381 .12475 
.0274 .15362 .14528 .14975 .15133 .15481 
.125 .0324 .15846 .14781 .15102 .15476 .15759 
.0374 .14964 .14772 .15180 .15517 .16258 
.0274 .18569 .17742 .18238 .18415 .18940 
.150 .0324 .18273 .17945 .18471 .18823 .19647 
.0374 .18056 .18062 .18392 .18845 .20007 
.96 
m 
I X(I) Y(I) YHAT RESIDUALS 115 
1 75 113.10 94.32 18.78 
2 75 101. 36 94.32 7.04 
3 75 95.23 94.32 0.91 
4 75 91.57 94.32 -2.75 
5 75 91.59 94.32 -2.73 
6 75 93.53 94.32 -0.79 
7 75 95.29 94.32 0.97 
8 75 93.63 94.32 -0.69 
9 75 94.75 94.32 0.43 
10 75 94.20 94.32 -0.12 
11 75 94.60 94.32 0.28 
12 75 89.35 94.32 -4.97 
13 75 95.30 94.32 0.98 
14 75 94.87 94.32 0.55 
15 75 90.09 94.32 -4.23 
16 100 124.92 124.34 0.58 
17 100· 121.34 124.34 -3.00 
18 100 126.15 124.34 1.81 
19 100 121.51 124.34 -2.83 
20 100 118.77 124.34 -5.57 
21 100 119.02 124.34 -5.32 
22 100 124.32 124.34 -0.02 
23 100 122.92 124.34 -1.42 
24 100 121. 88 124.34 -2.46 
25 100 124.60 124.34 0.26 
26 100 124.19 124.34 -0.15 
27 100 123.81 124.34 -0.53 
28 100 124.38 124.34 0.04 
29 100 124.75 124.34 0.41 
30 100 124.75 124.34 0.41 
31 125 153.62 154.07 -0.45 
32 125 158.46 154.07 4.39 
33 125 149.64 . 154.07 -4.43 
34 125 145.28 154.07 -8.79 
35 125 147.81 154.07 -6.26 
36 125 147.72 154.07 -6.35 
37 125 149.75 154.07 -4.32 
38 125 151.02 154.07 -3.05 
39 125 151.80 154.07 -2.27 
40 125 151. 33 154.07 -2.74 
41 125 154.76 154.07 0.69 
42 125 155.17 154.07 1.10 
43 125 154.81 154.07 0.74 
44 125 157.59 154.07 3.52 
45 125 162.58 154.07 8.51 
46 150 185.69 183.56 2.13 
47 150 182.73 183.56 -0.83 
48 150 180.56 183.56 -3.00 
49 150 177 • 42 183.56 -6.14 
50 150 179.45 183.56 -4.11 
51 150 180.62 183.56 -2.94 
52 150 182.38 183.56 -1.18 
53 150 184.71 183.56 1.15 
54 150 183.92 183.56 0.36 
55 150 184.15 183.56 0.59 
56 150 188.23 183.56 4.67 
57 150 188.45 183.56 4.89 
58 150 189.40 183.56 5.84 
59 150 196.47 183.56 12.91 
60 150 200.07 183.56 16.51 
YHAT = 1.491X ~ 0.961 
116 
Ring Diameter 75 mm x = 43.92 mm r = 52.5 mm b = 1. 94 
1.94 h F =mr w -
CF x 
Speed rev/min 500 1000 1500 2000 2500 
t~TI;] 1. 94 2162 8290 18230 31810 49060 
Hass m Height h 
.0274 .11197 .11214 .11641 .11276 .11270 
.075 .0324 .10635 .10763 .11070 .11198 .11255 
.0374 .09591 .1l085 .1l479 .11486 .11336 
.0274 .15331 .14641 ; 14903 .14690 .14789 
.100 .0324 .14859 .14527 .15022 .15018 .14923 
.0374 .14513 .14834 .15167 .15208 .14960 
.0274 .19638 .17934 .18589 .18529 .18531 
.125 .0324 .20249 .18666 .18922 .18897 .18552 
.0374 .19940 .18583 .18915 .18745 .18824 
.0274 .23772 .22117 .22435 .22276 .21938 
.150 .0324 .24620 .22091 .22345 .22571 .22157 
.0374 .23095 .21844 .22722 .22754 .21713 
---- ---
I X(l) Y (I) YHAT RESIDUALS 11 7 
1 75 111. 97 110.96 1.01 
2 75 100.35 110.96 -4.61 
3 75 95.91 110.96 -15.05 
4 75 112.14 110.96 1.18 
5 75 107.63 110.96 -3.33 
6 75 110.85 110.96 -0.11 
7 75 116.41 110.96 5.45 
8 75 110.70 110.96 -0.26 
9 75 114.79 110.96 3.83 
10 75 112.76 110.96 1.80 
11 75 111. 98 110.96 1.02 
12 75 114.86 110.96 3.90 
13 75 112.70 110.96 1. 74 
14 75 112.55 110.96 1.59 
15 75 113.36 110.96 2.40 
16 100 153.31 149.18 4.13 
17 100 148.59 149.18 -0.59 
18 100 145.13 149.18 -4.05 
19 100 146.41 149.18 -2.77 
20 100 145.27 149.18 -3.91 
21 100 148.34 149.18 -0.84 
22 100 149.03 149.18 -0.15 
23 100 150.22 149.18 1.04 
24 100 151. 67 149.18 2.49 
25 100 146.90 149.18 -2.28 
26 100 150.18 149.18 1.00 
27 100 152.08 149.18 2.90 
28 100 147.89 149.18 -1.29 
29 100 149.23 149.18 0.05 
30 100 ~49.60 149.18 0.42 
31 125 196.38 187.69 8.69 
32 125 202.49 187.69 14.80 
33 125 199.40 187.69 11.71 
34 125 179.34 187.69 -8.35 
35 125 186.66 187.69 -1.03 
36 125 185.83 187.69 -1.86 
37 125 185.89 187.69 -1.80 
38 125 189.22 187.69 1.53 
39 125 189.15 187.69 1.46 
40 125 185.29 187.69 -2.40 
41 125 188.97 187.69 1.28 
42 125 187.45 187.69 -0.24 
43 125 185.31 187.69 -2.38 
44 125 185.52 187.69 -2.17 
45 125 188.24 187.69 0.55 
46 150 237.72 226.42 11.30 
47 150 246.20 . 226.42 19.78 
48 150 230.95 226.42 4.53 
49 150 221.17 226.42 -5.25 
50 150 220.91 226.42 -5.51 
51 150 218.44 226.42 -7.98 
52 150 224.35 226.42 -2.07 
53 150 223.45 226.42 -2.97 
54 150 227.22 226.42 0.80 
55 150 222.76 226.42 -3.66 
56 150 225.71 226.42 -0.71 
57 150 227.54 226.42 1.12 
58 150 219.38 226.42 -7.04 
59 150 221.57 226.42 -4.85 
60 150 217.13 226.42 -9.29 
YHAT = 1.305X 1.029 
.25 
.20 
.15 
.10 
.05 
MASS OF JAW 
N 
, ~.5 
.20 
FCF .15 
hw 1.94 .10 
.05 
HASS OF JAW 
N 
Ring Dia 40 mm 
Y = .899 ml. Ol3 
.05 
Ring Dia 60 mm 
Y=1.491m .96 
.05 
GRAPH OF LOSS OF GRIPPING FORCE. AGAINST MASS OF JAWS 
.10 .15 
.25 
.20 
.15 
FCF 
hw 1.94 .1 
.05 
.20 MASS OF JAW 
N 
.25 
.20 
.15 
FCF 
1.94 .10 hill 
.05 
.20 MASS OF JAW 
N 
Ring Dia 50 mm 
Y = .892 m1.03 
.OS 
Ring Dia 75 nun 
Y = 1.305 m 1.029 
.05 
.10 .IS .20 
.10 .15 .20 
Load 
Speed rev/min 
~:;j 1.94 
rad r height h 
.0274 
.035 .0324 
.0374 
.0274 
.040 .0324 
.0374 
.0274 
.045 .0324 
.0374 
.0274 
.0525 .0324 
.0374 
119 
.075 kg b = 1.94 
F = m 1.0 1. 94 h r W 
CF x 
FCF 
= krd 1.0 1.94h ID W 
500 1000 1500 
2162 8290 18230 
.94533 .89810 .90223 
.90899 .90346 .89844 
.92342 .89449 .90349 
1.01332 1. 00963 1.01167 
1.00882 1.00275 1.01357 
.97289 .9848 1.01887 
1.5080 1. 22095 1. 2706 
1. 35144 1.22116 1. 24834 
1. 26970 1.24713 1.26332 
1.46306 1. 47923 1. 54287 
1.38950 1.41973 1. 46 730 
1. 25339 1. 46215 1. 52146 
'F
CF 
. 
= 10.49 
1.94 h m w 
1.25 
r 
c: = 1.0 
2000 2500· 
31810 49060 
.87196 .88575 
.89394 .90173 
.90220 .91198 
1.03871 1.01966 
1. 03883 1.02587 
1.03332 1.02752 
1.25594 1. 27060 
1. 26135 1. 26493 
1.19134 1. 20119 
1. 49456 1.50271 
1.48424 1.50064 
1. 52355 1. 51148 
I x (I) Y(I) YHAT RES1DUALS 
1 35 945.33 892.34 52.99 120 
2 35 908.99 892.34 16.65 
3 35 923.42 892.34 31.09 
4 35 898.10 892.34 5.76 
5 35 903.46 892.34 11.12 
6 35 894.49 892.34 2.15 
7 35 902.23 892.34 9.89 
8 35 898.44 892.34 6.10 
9 35 903.49 892.34 11.15 
10 35 871.96 892.34 -20.38 
11 35 893.94 892.34 1.60 
12 35 902.20 892.34 9.86 
13 35 885.75 892.34 -6.59 
14 35 901. 73 892.34 9.39 
15 35 9l1.98 892.34 19.64 
16 40 1013.32 1054.40 -41.08 
17 40 1008.82 1054.40 -45.58 
18 40 972.89 1054.40 -81.51 
19 40 1009.63 1054.40 -44.77 
20 40 1002.75 1054.40 -51.65 
21 40 984.80 1054.40 -69.60 
22 40 1011.67 1054.40 -42.73 
23 40 1013.57 1054.40 -40.83 
24 40 1018.87 1054.40 -35.53 
25 40 1038.71 1054.40 -15.69 
26 40 1038.83 1054.40 -15.57 
27 40 1033.32 1054.40 -21.08 
28 40 1019.66 1054.40 -34.74 
29 40 1025.87 1054.40 -28.53 
30 40 1027.52 1054.40 -26.88 
31 45 1508.00 1221.62 286.38 
32 45 1351.44 1221.62 129.82 
33 45 1269.70 1221. 62 48.08 
34 45 1220.95 1221. 62 . -0.67 
35 45 1221.16 1221.62 -0.46 
36 45 1247.13 1221.62 25.51 
37 45 1270.60 1221.62 48.98 
38 . 45 1248.34 1221. 62 26.72 
39 45 1263.32 1221.62 41.70 
40 45 1255.94 1221. 62 34.32 
41 45 1261.35 1221.62 39.73 
42 45 1191.34 1221. 62 -30.28 
43 45 1270.60 1221. 62 48.98 
44 45 1264.93 1221. 62 43.31 
45 45 1201.19 1221. 62 -20.43 
46 52.5 1463.06 1481.16 -18.10 
47 52.5 1389.50 1481.16 -91.66 
48 52.5 1253.39 1481.16 -227.77 
49 52.5 1479.23 1481.16 -1.93 
50 52.5 1419.73 1481.16 -61.43 
51 52.5 1462.15 1481.16 -19.01 
52 52.5 1542.87 1481.16 61. 71 
53 52.5 1467.30 1481.16 -13.86 
54 52.5 1521.56 1481.16 40.30 
55 52.5 1494.56 1481.16 13.40 
56 52.5 1484.24 1481. 16 3.08 
57 52.5 . 1523.55 1481.16 42.39 
58 52.5 1502.71 1481. 16 21.55 
59 52.5 1500.64 1481.16 19.48 
60 52.5 1511.48 1481.16 30.32 
YHAT = 10.491X " 1. 25 
121 
Load .100 kg b = 1. 94 c = 1. 0 
Speed rev/min 
~:;j 1.94 
rad r height h 
.0274 
.035 .0324 
.0374 
.0274 
.040 .0324 
.0374 
.0274 
.045 .0324 
.0374 
.0274 
.0525 .0324 
.0374 
F _ 1.0 1.94 h 
CF- m rW x 
FCF d 
= k r 1.0 1.94h m W 
500 1000 1500 
2162 8290 18230 
.89468 .87609 .89489 
.89937 .89354 .90747 
.93991 .89664 .91229 
1.02973 .99936 1.02702 
1.02785 .98661 1.01752 
1.01141 .99985 1. 01789 
1. 24918 1. 21508 1.24324 
1.21344 1.18766 1.22915 
1.26146 1.19015 1. 21883 
1.50240 1. 44841 1.48148 
1. 45612 1.43711 1. 49326 
1.42223 1. 46752 1.50776 
. :FCF :· = 10.62 r 1• 25 
1.94 h m w 
2000 
31810 
.88573 
.90332 
.90780 
1.03259 
1.0343 
1.0364 
1.24599 
1. 24194 
1.23813 
1.46029 
1.49293 
1.51183 
2500 
49060 
.89865 
.91033 
.91942 
1.02288 
1.03174 
1.03170 
1.24382 
1.24753 
1.24752 
1. 47890 
1. 49225 
1.49064 
--------
I X(I) Y (I) YHAT RESIDUALS 
1 35 894.68 889.39 5.29 122 
2 35 899.37 889.39 9.98 
3 35 939.31 889.39 50.52 
4 35 876.09 889.39 -13.30 
5 35 893.54 889.39 4.15 
6 35 896.64 889.39 7.25 
7 35 894.89 889.39 5.50 
8 35 907.47 889.39 18.08 
9 35 912.29 889.39 22 .90 
10 35 885.73 889.39 -3.66 
II 35 903.32 889.39 13.93 
12 35 907.80 889.39 18.41 
l3 35 898.65 889.39 9.26 
14 35 910.33 889.39 20.94 
15 35 919.42 889.39 30.03 
16 40 1029.73 1050.30 -20.57 
17 40 1027.85 1050.30 -22 .45 
18 40 1011. 41 1050.30 -'38.89 
19 40 999.36 1050.30 -50.94 
20 40 986.61 1050.30 -63.69 
21 40 999.85 1050.30 -50.45 
22 40 1027.02 1050.30 -23.28 
23 40 1017.52 1050.30 -32.78 
24 40 1017.89 1050.30 -32.41 
25 40 1032.59 1050.30 -17.71 
26 40 1034.30 1050.30 -16.00 
27 40 1036.40 1050.30 -l3 .90 
28 40 1022.88 1050.30 -27.42 
29 40 1031. 74 1050.30 -18.56 
30 40 1031.70 1050.30 -18.60 
31 45 1249.18 1216.22 32.96 
32 45 1213.44 1216.22 -2.78 
33 45 1261. 46 I216.22. 45.24 
34 45 1215.08 1216.22 -1.14 
35 45 1187.66 1216.22 -28.56 
36 45 ll90.15 1216.22 -26.07 
37 45 1243.24 1216.22 27.02 
38 45 1229.15 1216.22 12.93 
39 45 1218.83 1216.22 2.61 
40 45 1245.99 1216.22 29.77 
41 45 1241. 94 1216.22 25.72 
42 45 1238.13 1216.22 21.91 
43 45 1243.82 1216.22 27.60 
44 45 1247.53 1216.22 31.31 
45 45 1247.52 1216.22 31.30 
46 52.5 1502.40 1473.60 28.80 
47 52.5 1456.12 1473.60 -17.48 
48 52.5 1422.23 1473.60 -51.37 
49 52.5 1448.41 1473.60 -25.19 
50 52.5 1437.ll 1473.60 -36.49 
51 52.5 1467.52 1473.60 -6.08 
52 52.5 1481. 48 1473.60 7.88 
53 52.5 1493.26 1473.60 19.66 
54 52.5 1507.76 1473.60 34.16 
55 52.5 1460.29 1473.60 -13.31 
56 52.5 1492.93 1473.60 19.33 
57 52.5 1511. 83 1473.60 38.23 
58 52.5 1478.90 1473.60 5.30 
59 52.5 1492 .25 1473.60 18.65 
60 52.5 1496.04 1473.60 22.44 
YHAT = 10.624X A 1.245 
123 
Load .125 kg b=1.94 c=1.0 
Speed rev/min 
~:;j 1.94 
rad r height h 
.0274 
.035 .0324 
.0374 
.0274 
.040 .0324 
.0374 
.0274 
.045 .0324 
.0374 
.0274 
.0525 .0324 
.0374 
F _ 1.0 1.94 h 
CF- m rW x 
FCF = k rd 
1.0 1.94h m w 
500 1000 1500 
2162 8290 18230 
.93182 .89810 .90330 
.93649 .90843 .90747 
.92013 .90051 .91287 
1.06687 1.02490 1.03303 
1.0507 1.02161 1.03750 
1.08832 1.02694 1.03960 
1.22892 1.16225 1.19799 
1.26769 1.18245 1.20816 
1.19715 1.18176 1.21443 
1.53953 1. 41936 1. 47827 
1.58747 1.47731 1.50478 
1.56322 1.53835 1.50424 
1.94 h mw 
= 10.7 1.246 r 
2000 
31810 
.90409 
.90274 
.90847 
1.03993 
1.03992 
1.03489 
1.21066 
1.23806 
1.24133 
1.47354 
1.50279 
1.49074 
2500 
49060 
.91055 
.91548 
.91822 
1.03434 
1.03225 
1.03159 
1.23847 
1.26074 
1.3006 
1. 48247 
1.48419 
1.50596 
I X(l) Y(l) YHAT RESIDUALS 
1 35 931. 82 897.94 33.88 124 
2 35 936.49 897.94 38.55 
! 3 35 920.13 897.94 22.19 
4 35 898.10 897.94 0.16 
! 5 35 908.43 897.94 10.49 
6 35 900.51 897.94 2.57 
7 35 903.30 897.94 5.36 
8 35 907.47 897.94 9.53 
9 35 912.87 897.94 14.93 
10 35 904.09 897.94 6.15 
11 35 902.74 897. 94 4.80 
12 35 908.47 897.94 10.53 
13 35 910.55 897.94 12.61 
14 35 915.48 897.94 17.54 
15 35 918.22 897.94 20.28 
16 40 1066.87 1060.49 6.38 
17 40 1050.70 1060.49 -9.79 
18 40 1088.32 1060.49 27.83 
19 40 1024.90 1060.49 -35.59 
20 40 1021. 61 1060.49 -38.88 
21 40 1026.94 1060.49 -33.55 
22 40 1033.03 1060.49 -27.46 
23 40 1037.50 1060.49 -22.99 
24 40 1039.60 1060.49 -20.89 
25 40 1039.93 1060.49 -20.56 
26 40 1033.92 1060.49 -26.57 
27 40 1034.89 1060.49 -25.60 
28 40 1034.34 1060.49 -26.15 
29 40 1032.25 1060.49 -28.24 
30 40 1031.59 1060.49 -28.90 
31 45 1228.92 1228.12 0.80 
32 45 1267.69 1228.12 39.57 
33 45 1197.15 1228.12 -30.97 
34 45 1162.25 1228.12 -65.87 
35 45 1182.45 1228.12 -45.67 
36 45 1181. 76 1228.12 -46.36 
37 45 1197.99 1228.12 -30.13 
38 45 1208.16 1228.12 -19.96 
39 45 1214.43 1228.12 -13.69 
40 45 1210.66 1228.12 -17.46 
41 45 1238.06 1228.12 9.94 
42 45 1241. 33 1228.12 13.21 
43 45 1238.47 1228.12 10.35 
44 45 1260.74 1228.12 32.62 
45 45 1300.60 ·1228.12 72.48 
46 52.5 1539.53 1488.19 51.34 
47 52.5 1587.47 1488.19 99.28 
48 52.5 1563.22 1488;19 75.03 
49 52.5 1419.36 1488.19 -68.83 
50 52.5 1477.31 1488.19 -10.88 
51 52.5 1538.35 1488.19 50.16 
52 52.5 1478.27 1488.19 -9.92 
53 52.5 1504.78 1488.19 16.59 
54 52.5 1504.24 1488.19 16.05 
55 52.5 1473.54 1488.19 -14.65 
56 52.5 1502.79 1488.19 14.60 
57 52.5 1490.74 1488.19 2.55 
58 52.5 1482.47 1488.19 -5.72 
59 52.5 1484.19 1488.19 -4.00 
60 52.5 1505.96 1488.19 17.77 
YHAT = 10.699X A 1.246 
125 
Load .150 kg b=1.94 0=1.0 
Speed rev/min 
~:;j1.94 
rad r height h 
.0274 
.035 .0324 
.0374 
.0274 
.040 .0324 
.0374 
.0274 
.045 .0324 
.0374 
.0274 
.0525 .0324 
.0374 
1.0 1.94h m W 
500 
2162 
.90031 
.90415 
.93991 
1.02410 
1.08496 
1.08007 
1. 23793 
1.21820 
1.20374 
1.55304 
1. 60841 
1.50880 
= k r 
1000 
8290 
.89810 
.89602 
.90524 
1.00376 
1.02012 
1.0106 
1.18279 
1.19634 
1.20412 
1.45868 
1.45696 
1.44064 
d 
1500 
18230 
.90089 
.• 91199 
.90838 
1.01568 
1.0305 
1.01985 
1.21588 
1.23141 
1. 22616 
1.48682 
1.48085 
1.50581 
FCF 
-""::7;;--- = 1 0 • 64 
1.94 h 
mw 
1.247 
r 
2000 2500 
31810 49060 
.90026 .91253 
.90622 .91802 
.92909 .93232 
1.02494 1.02214 
1.03236 1.03384 
1.03052 1.03042 
1. 22764 1.26267 
1. 25488 1.30981 
1. 25635 1.33381 
1.47629 1.46253 
1. 49584 1.47715 
1.50792 1.44754 
I X(I) y(I) YHAT RESIDUALS 
1 35 900.31 895.35 4.96 
126 
2 35 904.15 895.35 8.80 
3 35 939.91 895.35 44.56 
4 35 898.10 895.35 2.75 
5 35 896.02 895.35 0.67 
6 35 905.24 895.35 9.89 
7 35 900.89 895.35 5.54 
8 35 911.99 895.35 16.64 
9 35 908.38 895.35 13.03 
10 35 900.26 895.35 4.91 
11 35 906.22 895.35 10.87 
12 35 929.09 895.35 33.74 
13 35 912.53 895.35 17.18 
1li 35 918.92 895.35 23.57 
15 35 932.32 895.35 36.97 
16 40 1024.10 1057.53 -33.43 
17 40 1084.96 1057.53 27.43 
18 40 995.15 1057.53 -62.38 
19 40 1003.76 1057.53 -53.77 
20 40 1020.12 1057.53 -37.41 
21 40 1010.60 1057.53 -46.93 
22 40 1015.68 1057.53 -41.85 
23 40 1030.50 1057.53 -27.03 
24 40 1019.85 1057.53 -37.68 
25 40 1024.94 1057.53 -32.59 
26 40 1032.36 1057.53 -25.17 
27 40 1030.52 1057.53 -27.01 
28 40 1022.14 1057.53 -35.39 
29 40 1033.84 1057.53 -23.69 
30 40 1030.42 1057.53 -27.11 
31 45 1237.93 1224.80 13.13 
32 45 1218.20 1224.80 -6.60 
33 45 1203.74 1224.80 -21.06 
34 45 1182.79 1224.80 -42.01 
35 45 1196.34 1224.80 -28.46 
36 45 1204.12 1224.80 -20.68 
37 45 1215.88 1224.80 -8.92 
38 45 1231. 41 1224.80 6.61 
39 45 1226.16 1224.80 1.36 
40 45 1227.64 1224.80 2.84 
41 45 1254.88 1224.80 30.08 
42 45 1256.35 1224.80 31.55 
. 43 45 1262.67 1224.80 37.87 
44 45 1309.81 1224.80 85.01 
45 45 1333.81 1224.80 109.01 
46 52.5 1553.04 1484.32 68.72 
47 52.5 1608.41 1484.32 124.09 
48 52.5 1508.80 1484.32 24.48 
49 52.5 1458.68 1484.32 -25.64 
50 52.5 1456.96 1484.32 -27.36 
51 52.5 1440.64 1484.32 -43.68 
52 52.5 1486.82 1484.32 2.50 
53 52.5 1480.85 1484.32 -3.47 
54 52.5 1505.81 1484.32 21.49 
55 52.5 1476.29 1484.32 -8.03 
56 52.5 1495.84 1484.32 11.52 
57 52.5 1507.92 1484.32 23.60 
58 52.5 1462.53 1484.32 -21. 79 
59 52.5 1477 .15 1484.32 -7.17 
60 52.5 1447.54 1484.32 -36.78 
YHAT = 10.641X ~ 1.247 
--
-
GRAPH OF LOSS OF GRIPPING FORCE AGAINST RADIUS OF CENTROlD OF NASS OF JAWS· 
2.0 . Mass 75 g 
1.5 Y =10.491 r 1•25 
1.0 
0.5 
RAD OF CENTROID 10 20 30 40 50 60 70 
mm 
2.0 
Mass 125 & 
1.5 Y = 10.699 r 1 •246 
FCF 
_-:-:::-;- 1. 0 
1.94h mill 
0.5 
RAD OF CENTROID 10 20 30 40 SO 60 70 
mm 
1.941 m ill 1 
2.0 
1.5 
1.0 
0.5 
RAD OF CENTROlD 
mm 
2.0 
Mass lOOg 
Y = 10.624 r 1•245 
10 20 30 40 50 60 70 
Mass 150 g 
1.5 Y = 10.641 r 1•247 
1.0 
0.5 
RAD OF CENTROID 10 20 30 40 50 60 70 
mm 
128 
Ring Diameter 40 mm x = 43.71 mm r = 35 mm b = 1. 94 
Speed rev/min 
r~r·94 
height h mass ID 
.075 
.0274 .100 
.125 
.150 
.075 
.0324 .100 
.125 
.150 
.075 
.0374 .100 
.125 
.150 
Fey 
--1.25 1.94 
mr w 
500 
2162 
1. 86474 
1. 68028 
1.75971 
1.69046 
2.07743 
1.98578 
2.077 43 
2.01633 
2.36257 
2.41349 
2.37072 
2.40331 
1.25 
mr 
e = 1.0 
d = 1.25 
1000 1500 2000 2500 
8290 18230 31810 49060 
1.68910 1.69564 1.63897 1.66584 
1. 64926 1.68477 1. 66527 1.69097 
1.68910 1. 69854 1. 70098 1. 71251 
1.68910 1.69564 1.69296 1.71700 
2.00780 1. 99998 1.98780 2.00511 
1.98390 2.01810 2.00995 2.02486 
2.02055 2.01738 2.00829 2.03670 
1.99718 2.02897 2.01549 2.04371 
2.29463 2.31882 2.31726 2.34079 
2.30259 2.34418 2.33179 2.36144 
2.31375 2.33911 2.33221 2.35767 
2.32650 Z. 33331 2.38509 2.39375 
= 54.83 h 1•037 
"1.94 
to 
I X(I) Y (I) YHAT RESIDUALS 
1 27.40 1864.74 1697.13 167.61 12 9 
2 27.40 1680.28 1697.13 -16.85 
3 27.40 1759.71 1697.13 62.58 
4 27.40 1690.46 1697.13 -6.67 
5 27.40 1689.10 1697.13 -8.03 
6 27.40 1649.26 1697.l3 -47.87 
7 27.40 1689.10 1697.l3 -8.03 
8 27.40 1689.10 1697.l3 -B.03 
9 27.40 1695.64 1697.13 -1.49 
10 27.40 1684.77 1697.13 -12.36 
11 27.40 1698.54 1697.l3 1.41 
I 12 27.40 1695.64 1697.l3 -1.49 
13 27.40 1638.97 1697.l3 -58.16 
.14 27.40 1665.27 1697.13 -31.86 
15 27.40 1700.98 1697.l3 3.85 
16 27.40 1692.96 1697.l3 -4.17 
17 27.40 1665.84 1697.13 -31.29 
18 27.40 1690.97 1697.13 -6.16 
19 27.40 1712.51 1697.13 15.38 
20 27.40 1717.00 1697.l3 19.87 
21 32.40 2077 .43 2019.25 58.18 
22 32.40 1985.78 2019.25 -33.47 
23 32.40 2077.43 2019.25 58.18 
24 32.40 2016.33 2019.25 -2.92 
25 32.40 2007.80 2019.25 -11.45 
26 32.40 1983.90 2019.25 -35.35 
27 32.40 2020.55 2019.25 1.30 
28 32.40 1997.18 2019.25 -22.07 
29 32.40 1999.98 2019.25 -19.27 
30 32.40 2018.10 2019.25 -1.15 
31 32.40 2017.38 2019.25 -1.8? 
32 32.40 2028.97 2019.25 9.72 
33 32.40 1987.80 2019.25 -31.45 
34 32.40 2009.95 2019.25 -28.69 
35 32.40 2008.29 2019.25 -10.96 
36 32.40 2015.49 2019.25 -3.76 
37 32.40 2005.11 2019.25 -14.14 
38 32.40 2024.86 2019.25 5.61 
39 32.40 2036.70 2019.25 17.45 
40 32.40 2043.71 2019.25 24.46 
41 37.40 2362.57 2343.22 19.35 
42 37.40 2413.49 2343.22 70.27 
43 37.40 2370.72 2343.22 27.50 
44 37.40 2403.31 2343.22 60.09 
45 37.40 2294.63 2343.22 -48.59 
46 37.40 2302.59 2343.22 -40.63 
47 37.40 2313.75 2343.22 -29.47 
48 37.40 2326.50 2343.22 -16.72 
49 37.40 2318.82 2343.22 -24.40 
50 37.40 2344.18 2343.22 0.96 
51 37.40 2339.11 2343.22 -4.11 
52 37.40 2333.31 2343.22 -9.91 
53 37.40 2317.26 2343.22 -25.96 
54 37.40 2331. 79 2343.22 -11.43 
55 37.40 2332.21 2343.22 -11.01 
56 37.40 2385.09 2343.22 41.87 
57 37.40 2340.79 2343.22 -2.43 
58 37.40 2316.44 2343.22 -26.78 
59 37.40 2357.67 2343.22 14.45 
60 37.40 2393.75 2343.22 50.53 
YHAT = 54.B28X h 1.037 
130 
Ring Diameter 50 mm x = 43.55 
1.0 1.25 1.94 h F =m r w -CF x 
1.25 1.94 
mr W 
Speed rev/min 
~:;j1.94 
height h mass m 
.075 
.0274 .100 
.125 
.150 
.075 
.0324 .100 
.125 
.150 
.075 
.0374 .100 
.125 
.150 
500 1000 
2162 8290 
1.55143 1.54650 
1.57729 1.53077 
1.63418 1.56988 
1.56867 1.53751 
1.82725 1.81624 
1.86172 1. 78702 
1.90309 1.85041 
1.96515 1.84771 
2.03411 2.05901 
2.12030 2.09048 
2.27544 2.14712 
2.25820 2.11296 
... : FCF: 
1.251.94 
mr w 
r = 40 mm b = 1. 94 
c = 1.0 
d = 1.25 
1500 2000 2500 
18230 31810 49060 
1.54964 1.59105 1.56186 
1.57315 1.58167 1.5668 
1.58235 1.59292 1.58435 
1.55577 1.56996 1.56566 
1.83585 1.88161 1. 85813 
1.84300 1. 87341 1. 86876 
1.87919 1.87270 1.86968 
1.86651 1.86989 1.87256 
2.13024 2.16045 2.14832 
2.12819 2.16689 2.15705 
2.17358 2.16373 2.15683 
2.13228 2.15459 2.15440 
= 56.68 h 1.004 
I X(I) Y (I) YHAT RESlDUALS 
I 1 27.40 1551. 43 1571. 43 -20.00 
131 
2 27.40 1577.29 1571. 43 5.86 
3 27.40 1634.18 1571.43 62.75 
4 27.40 1586.67 1571. 43 15.24 
5 27.40 1546.50 1571. 43 -24.93 
6 27.40 1530.77 1571. 43 -40.66 
7 27.40 1569.88 1571. 43 -1.55 
8 27.40 1537.51 1571. 43 -33.92 
9 27.40 1549.64 1571. 43 -21. 79 
10 27.40 1573.15 1571. 43 1.72 
11 27.40 1582.35 1571. 43 10.92 
12 27.40 1555.77 1571. 43 -15.66 
13 27.40 1591.05 1571. 43 19.62 
14 27.40 1581.67 1571. 43 10.24 
15 27.40 1592.92 1571. 43 21.49 
16 27.40 1569.96 1571. 43 -1.47 
17 27.40 1561.86 1571.43 -9.57 
18 27.40 1566.80 1571. 43 -4.63 
19 27.40 1584.35 1571. 43 12.92 
20 27.40 1565.66 1571.43 -5.77 
21 32.40 1827.25 1859.30 -32.05 
22 32.40 1861.72 1859.30 2.42 
23 32.40 1903.09 1859.30 43.79 
24 32.40 1965.15 1859.30 105.85 
25 32.40 1816.24 1859.30 -43.06 
26 32.40 1787.02 1859.30 -72.28 
27 32.40 1850.41 1859.30 -8.89 
28 32.40 1847.71 1859.30 -11.59 
29 32.40 1835.85 1859.30 -23.45 
30 32.40 1843.00 1859.30 -16.30 
31 32.40 1879.19 1859.30 19.89 
32 32.40 1866.51 1859.30 7.21 
33 32.40 1881.61 1859.30 22.31 
34 32.40 1873.41 1859.30 14.11 
35 32.40 1872.70 1859.30 13.40 
36 32.40 1869.89 1859.30 10.59 
37 32.40 1858.13 1859.30 -1.17 
38 32.40 1868.76 1859.30 9.46 
39 32.40 1869.68 1859.30 10.38 
40 32.40 1872.56 1859.30 13.26 
41 37.40 2034.11 2147.33 -113.22 
42 37.40 2120.30 2147.33 -27.03 
43 37.40 2275.44 2147.33 128.11 
44 37.40 2258.20 2147.33 110.87 
45 37.40 2059;01 2147.33 -88.32 
46 37.40 2090.48 2147.33 -56.85 
47 37.40 2147.12 2147.33 -0.21 
48 37.40 2112.96 2147.33 -34.37 
49 37.40 2130.24 2147.33 -17.09 
50 37.40 2128.29 2147.33 -19.14 
51 37.40 2173.58 2147.33 26.25 
52 37; 40 2132.28 2147.33 -15.05 
53 37.40 2160.45 2147.33 13.12 
54 37.40 2166.89 2147.33 19.56 
55 37.40 2163.73 2147.33 16.40 
56 37.40 2154.59 2147.33 7.26 
57 37.40 2148.32 2147.33 0.99 
58 37.40 2157.06 2147.33 9.73 
59 37.40 2156.83 2147.33 9.50 
60 37.40 2154.40 2147.33 7.07 
YHAT = 56.676X ~ 1.004 
132 
Ring Diameter 60 mm x ~ 43.39 mm 
Speed rev/min 
~:;j1.94 
height h mass ID 
.075 
.0274 .100 
.125 
.150 
.075 
.0324 .100 
.125 
.150 
.075 
.0374 .100 
.125 
.150 
F 1.0 1.25 1.94 h CF~m r w x 
FCF e 
1.25 1.94 ~ k h 
mr w 
500 1000 
2162 8290 
1.993716 1. 61418 
1. 65151 1.60642 
1.62473 1.53658 
1.63663 1.56374 
2.11274 1.90908 
1. 89701 1.85670 
1. 98181 1.84855 
1.90445 1. 87028 
2.29128 2.25054 
2.27641 2.14772 
2.16036 2.13259 
2.17226 2.17294 
r ~ 45 mm b ~ 1.94 
a ~ 1.0 
d ~ 1.25 
1500 2000 2500 
18230 31810 49060 
. 
1.67983 1.66044 1. 67983 
1.64365 1. 64730 1.64442 
1.58384 1.60058 1.63734 
1.60748 1.62303 1.66934 
1.95156 1.97190 1.97751 
1. 92157 1. 94156 1.95030 
1.88875 1.93550 1. 97095 
1.92509 1.96179 2.04766 
2.27976 2.14988 2.16765 
2.19948 2.23432 2.25125 
2.19154 2.24008 2.34704 
2.21271 2.26718 2.40697 
FC~' ~ 64.75 hO. 977 
1.251.94 
mr w 
I I X(I) Y (l) YHAT RESIDUALS 
I 
133 
1 27.40 1993.72 1644.39 349.33 
2 27.40 1651.51 1644.39 7.12 
3 27.40 1624.73 1644.39 -19.66 
4 27.40 1636.63 1644.39 -7.76 
5 27.40 1614.18 1644.39 -30.21 
6 27.40 1606.42 1644.39 -37.97 
7 27.40 1536.58 1644.39 -107.81 
8 27.40 1563.74 1644.39 -80.65 
9 27.40 1679.83 1644.39 35.44 
10 27.40 1643.65 1644.39 -0.74 
11 27.40 1583.84 1644.39 -60.55 
12 27.40 1607.48 1644.39 -36.91 
13 27.40 1660.44 1644.39 16.05 
14 27.40 1647.30 1644.39 2.91 
15 27.40 1600.58 1644.39 -43.81 
16 27.40 1623.03 1644.39 -21.36 
17 27.40 1679.83 1644.39 35.44 
18 27.40 1644.42 1644.39 0.03 
19 27.40 1637.34 1644.39 -7.05 
20 27.40 1669.34 1644.39 24.95 
21 32.40 2112.74 1937.00 175.74 
22 32.40 1897.01 1937.00 -39.99 
23 32.40 1981. 81 1937.00 44.81 
24 32.40 1904.45 1937.00 -32.55 
25 32.40 1909.08 1937.00 -27.92 
26 32.40 1856.70 1937.00 -80.30 
27 32.40 1848.55 1937.00 -88.45 
28 32.40 1870.28 1937.00 -66.72 
29 32.40 1951.56 1937.00 14.56 
30 32.40 1921.57 1937.00 -15.43 
31 32.40 1888.75 1937.00 -48.25. 
32 32.40 1925.09 1937.00 -11.91 
33 32.40 1971. 90 1937.00 34.90 
34 32.40 1941.56 1937.00 4.56 
35 32.40 1935.50 1937.00 -1.50 
36 32.40 1961. 79 1937.00 24.79 
37 32.40 1977 .51 1937.00 40.51 
38 32.40 1950.30 1937.00 13.30 
39 32.40 1970.95 1937.00 33.95 
40 32.40 2047.66 1937.00 110.66 
41 37.40 2291.28 2228.57 62.71 
42 37.40 2276.41 2228.57 47.84 
43 37.40 2160.36 2228.57 -68.21 
44 37.40 2172.26 2228.57 -56.31 
45 37.40 2250.54 2228.57 21.97 
46 37.40 2147.72 2228.57 -80.85 
47 37.40 2132.59 2228.57 -95.98 
48 37.40 2172.94 2228.57 -55.63 
49 37.40 2279.76 2228.57 51.19 
50 37.40 2199.48 2228.57 -29.09 
51 37.40 2191.54 2228.57 -37.03 
52 37.40 2212.71 2228.57 -15.86 
53 37.40 2149.88 2228.57 -78.69 
54 37.40 2234.32 2228.57 5.75 
55 37.40 2240.08 2228.57 11.51 
56 37.40 2267.18 2228.57 . 38.61 
57 37.40 2167.45 2228.57 -60.92 
58 37.40 2251.25 2228.57 22.68 
59 37.40 2347.04 2228.57 118.47 
60 37.40 2406.97 2228.57 178.40 
YHAT = 64.75X A 0.977 
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Ring Diameter 75 mm x = 43.92 mm r=52.5mm 
F 1.0 1.25 1.94 h = m r tU -CF x 
FCF e 
1. 25 1. 94 = k h 
mr w 
Speed rev/min 500 1000 1500 2000 
~:;j1.94 2162 8290 18230 31810 
height h mass m 
.075 1.59510 1.61278 1.68217 1.63619 
.0274 .100 1.63804 1.57918 1.61523 1.59866 
.125 1.67853 1.54750 1. 61174 1. 61318 
.150 1.69325 1.59038 1. 62105 1. 61618 
.075 1. 79141 1.83038 1. 89171 1.92140 
.0324 .100 1.87730 1. 85278 1.92518 1.93266 
.125 2.04663 1.90462 1.94003 1. 94542 
.150 2.07362 1.87838 1.90918 1. 93641 
.075 1.86503 2.17597 2.26424 2.27499 
.0374 .100 2.11657 2.18397 . 2.24386 2.25915 
.125 2.32639 2.18877 2.23863 2.22762 
.150 2.24540 2.14397 2.24095 2.25331 
. F CF . ~ 60 64 h 0.992 
1.25 1.94 - • 
mr w 
b = 1. 94 
Cl = 1.0 
d = 1.25 
2500 
49060 
1.63838 
1.61242 
1. 61632 
1.59458 
1. 93469 
1. 92388 
1. 91350 
1.90441 
2.24939 
2.22641 
2.24117 
2.15422 
I X(I) Y (I) YHAT RESIDUAIS 
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1 27.40 1595.10 1619.78 -24.68 
2 27.40 1638.04 1619.78 18.26 
3 27.40 1678.53 1619.78 58.75 
4 27.40 1693.25 1619.78 73.47 
5 27.40 1612.78 1619.78 -7.00 
6 27.40 1579.18 1619.78 -40.60 
7 27.40 1547.50 1619.78 -72.28 
8 27.40 1590.38 1619.78 -29.40 
9 27.40 1682.17 1619.78 62.39 
10 27.40 1615.23 1619.78 -4.55 
11 27.40 1611. 74 1619.78 -8.04 
12 27.40 1621.05 1619.78 1.27 
13 27.40 1636.19 1619.78 16.41 
14. 27.40 1598.66 1619.78 -21.12 
15 27.40 1613.18 1619.78 -6.60 
16 27.40 1616.18 1619.78 -3.60 
17 27.40 1638.38 1619.78 18.60 
18 27.40 1612.42 1619.78 -7.36 
19 27.40 1616.32 1619.78 -3.46 
20 27.40 1594.58 1619.78 -25.20 
21 32.40 1791. 41 1912.90 -121. 49 
22 32.40 1877.30 1912.90 -35.60 
23 32.40 2046.63 1912.90 133.73 
24 32.40 2073.62 1912.90 160.72 
25 32.40 1830.38 1912.90 -82.52 
26 32.40 1852.78 1912.90 -60.12 
27 32.40 1904.62 1912.90 -8.28 
28 32.40 1878.38 1912.90 -34.52 
29 32.40 1891. 71 1912.90 -21.19 
30 32.40 1925.18 1912.90 12.28 
31 32.40 1940.03 1912.90 27.13 
32 32.40 1909.18 1912.90 -3.72 
33 32.40 1921.40 1912.90 8.50 
34 32.40 1932.66 1912.90 19.76 
35 32.40 1945.42 1912.90 32.52 
36 32.40 1936.41 1912.90 23.51 
37 32.40 1934.69 1912.90 21. 79 
38 32.40 1923.88 1912.90 10.98 
39 32.40 1913.50 1912.90 0.60 
40 32.40 1904.41 1912.90 -8.49 
41 37.40 1865.03 2205.67 -340.64 
42 37.40 2116.57 2205.67 -89.10 
43 37.40 2326.39 2205.67 120.72 
44 37.40 2245.40 2205.67 39.73 
45 37.40 2175.97 2205.67 -29.70 
46 37.40 2183.97 2205.67 -21. 70 
47 37.40 2188.77 2205.67 -16.90 
48 37.40 2143.97 2205.67 -61.70 
49 37.40 2264.24 2205.67 58.57 
50 . 37.40 2243.86 2205.67 38.19 
51 37.40 2238.63 2205.67 32.96 
52 37.40 2240.95 2205.67 35.28 
53 37.40 2274.99 2205.67 69.32 
54 37.40 2259.15 2205.67 53.48 
55 37.40 2227.62 2205.67 21.95 
56 37.40 2253.31 2205.67 47.64 
57 37.40 2249.39. 2205.67 43.72 
58 37.40 2226.41 2205.67 20.74 
59 37.40 2241.17 2205.67 35.50 
60 37.40 2154.22 2205.67 -51.45 
YHAT = 60. 637X "- 0.992 
GRAPH OF LOSS OF GRIPPING FORCE AGAINST HEIGHT OF CENTROID OF MASS FROM DIAPHRAGM PLATE 
2.5 2.5 
Ring Dia 40 mm Ring Dia 50 mm 
2.0 Y = 54.828 h1 •037 2.0 Y = 56.676 h
1
•
OO4 
FCF 
1.5 
FCF 1.5 
1.25 1.94 1.25 1.94 
mr w mr w 
1.0 1.0 
0.5 0.5 
HT OF CENTROID 10 20 30 40 HT OF CENTROID 10 20 30 40 
mm mm 
2.5 Ring Dia 60 mm 2.5 Ring Dia 75 mm 
2.0 Y = 64.75 hO•977 2.0 Y = 60.637 h
O
•
992 
FCF 
1.5 FCF 1.25 1.94 1.5 
mr w 1.25 1.94 
1.0 
mr W 1.0 
0.5 0.5 
HT OF CENTROID 10 20 30 40 HT OF CENTROID 10 20 30 40 
mm mm 
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6.2.1 'ANALYSIS'OF'THE:RESULTS'OF'PART 2 OF'THE'TRIALS BY 
'CURVE PLOTTING. 
The variation of the gripping force follows the relationship 
"dPa' ' ' 
C = 3Sx 
For any single situation the factors d, P, et and S are 
constant and the only variation should be relative to the distance 
of the gripping point from the diaphragm plate. The equation can 
be reduced to the following: 
'3SC 
= - or 
"dPet x 
k 1 
x 
This analysis was carried out for each ring size used. 
Similarly the loss of gripping force due to the centrifugal 
forces acting on the chuck follows the form 
ad bhe 
F - ID r w 
CF - f 
x 
Keeping the mass of the additional load weights and the height 
of the centroid of the additional load weights from the diaphragm 
plate as constants, reduces the equation to 
k 
= xf 
This analysis was carried out for each ring size used and for 
variations in rotational speed. 
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6.2.2 VARIATION IN GRIPPING FORCE RELATIVE TO THE DISTANCE OF 
THE GRIPPING POINT FROM· THE CENTRE· OF· THE· DIAPHRAGM PLATE. 
1TdPa 
C = 3i3x 
3i3C 
1TdPa 
Ring Dia. 
mm 
30 
40 
50 
60 
1 
x 
3i3C 
--= 1TdPa 
3i3C 
--= 1TdPa 
3i3C 
1TdPa -
3i3C 
--= 1TdPa 
d = 0.02365m 
a = 0.27 
i3 = 0.71 
P = 3000N 
Curve Fit 
1.97x-· 781 (r2 = .968) 
2.81x-· 631 (r2 = .986) 
3.15x-· 612 2 (r = .976) 
1.61x-· 86 (r2 = .998) 
i· 
Ring Diameter 30mm 
'lTdPa 
C = 3Sx 
3SC = 1 
'lTdPa x 
Distance x from 
. Diaphragm Plate 
.04345 
.03830 
.03315 
.02802 
.02275 
YHAT 
.. 3SC 
m 
C = 
139 
3f3C *YHAT 
'lTdPa 
23.691 22.83 
23.7706 25.19 
28.7477 28.20 
31.9729 32.15 
38.1047 37.84 
1.97J{ A -0.781 
1.97x-O. 78l 
1.97'lTdPa 
3f3xO•78l 
0. 66'lTdPa 
f3xO. 78l 
*RESIDUAlS 
0.87 
-1.42 
0.55 
-0.18 
0.27 
* The computer print out automatically corrects to 2 decimal places. 
Ring Diameter 40mm 
c 
3f3c 
1TdPa 
1TdPa 
3i3x 
1 
= 
x 
Distance x from 
Diaphragm Plate 
.04403 
.03879 
.03378 
.03093 
.02322 
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3i3C * YHAT 
m 'ITdPa 
20.3384 20.19 
21. 6842 21.87 
23.3724 23.87 
25.9167 25.23 
30.1054 30.24 
YHAT = 2.814X A -0.631 
'3SC 2.814x- O•631 
"dPa 
c = 2. 811TdPa 
3f3xO. 631 
O.941TdPa 
BxO•631 
*RESIDUALS 
0.15 
-0.19 
-0.49 
0.68 
-0.13 
* The computer print out automatically corrects to 2 decimal places. 
Ring Diameter 50mm 
rrdPa 
C ~ 3Sx 
3Sc 1 
'fTdPo. ::: )( 
Distance x from 
Diaphragm Plate m 
.04412 
.03854 
.03373 
.02865 
.02346 
YHAT 
3BC 
~ 1TdP", 
C ~ 
~ 
14 1 
3SC * *RESIDUALS 
rrdPa YHAT 
21. 3099 21. 26 0.05 
22.5442 23.09 -0.55 
26.0123 25.05 0.96 
27.2268 27.68 -0.46 
31. 2999 31.28 0.02 
3.l5X " -0.612 
3.l5x-0 •6l2 
3.l5rrdPa 
3SxO. 6l2 
1.05rrdPa 
!3xO. 6l2 
* The computer print out automatically corrects to 2 decimal places. 
Ring Diameter 60mm 
C 
3f3C 
1TdPa 
3f3x 
1 
= 1TdPa x 
Distance x from 
Diaphragm Plate 
.04287 
.03702 
.03276 
.02818 
.02301 
YHAT 
313C 
1TdP" 
C 
m 
= 
= 
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3f3C *YHAT *RESIDUALS 1TdPa 
23.9896 24.22 -0.23 
27.8279 27.47 0.35 
30.5315 30.52 0.01 
34.6804 34.74 -0.06 
41. 2661 41.35 -0.09 
1. 6l4Y. ~ -0.860 
1.6lx-0 •86 
1. 6l1TdPa 
3f3xO•86 
0.541TdPa 
f3xO•86 
* The computer print out automatically corrects to 2 decimal places. 
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6.2.3 LOSS OF GRIPPING FORCE RELATIVE TO THE DISTANCE OF THE 
'GRIPPING POINT'FROM'THE'DIAPHRAGM PLATE. 
a d b he m r (j) 
Mass and height of centroid of mass from the diaphragm plate are 
constant for each trial 
a = 1.0 
1.25 1.94h mr (j) 
d= 1.25 
b = 1.94 
e = 1.0 
Ring Dia mm Curve Fit 
30 4.325x-· 723 (r2 = .428) 
40 8.597x-·584 (r2 = .831) 
50 14.396x-· 443 (r2 = .943) 
60 6.506x-· 717 (r2 = .931) 
------------------------------------------------------------------ -
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Ring Diameter 30 mm r = 0.03m 
1.25 1.94h F = mr W 
CF f x 
1.25 1.94h mr W 
Speed screv/min 500 
~~21.94 
2162 
Radr 1.25 distance x 
.04345 33.0189 
.03830 33.0189 
.012485 .03315 52.8303. 
.02802 39.6227 
.02275 49.5284 
FCF = 4.325x-0.723 
1. 25 1. 94h mr Id 
h = 0.0374m 
b = 1.94 
d = 1.25 
1 
= ~f' 
x 
1000 1500 
8296 18297 
37.8619 40.7545 
39.5829 44.6732 
43.0249 50.1593 
49.9089 57.9967 
60.2349 68.1853 
4.325 mr1 •25 w1 •94h 
.723 
x 
m = O.15kg 
2000 2500 
31831 49075 
44.8537 53.2402 
51.1332 61.3862 
67.2806 61.6771 
64.1408 74.4781 
75.3542 84.3697 
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I X(I) Y(I) YHAT RESIDUALS 
1 .04345 33.02 41.82 -8.80 
2 .04345 37.86 41.82 -3.96 
3 .04345 40.75 41.82 -1.07 
4 .04345 44.85 41.82 3.03 
5 .04345 53.24 41.82 11.42 
6 .03830 33.02 46.08 -14.06 
7 .03830 39.58 46.08 -6.50 
8 .03830 44.67 46.08 -1.41 
9 .03830 51.13 46.08 5.05 
10 .03B30 61.39 46.0B 15.31 
11 .03315 52.83 ·50.86 1.97 
12 .03315 43.02 50.86. -7.84 
13 .03315 50.16 50.86 -0.70 
14 .03315 67.28 50.86 16.42 
15 .03315 61.68 50.86 10.81 
16 .02802 39.62 57.44 -17.82 
17 .02802 49.91 57.44 -7.53 
18 .02802 58.00 57.44 0.55 
19 .02802 64.14 57.44 6.70 
20 .02802 74.48 57.44 17.04 
21 .02275 49.53 66.79 -17.26 
22 .02275 60.23 66.79 -6.55 
23 .02275 68.19 66.79 1.40 
24 .02275 75.35 66.79 8.57 
25 .02275 84.37 66.79 17.58 
YHAT = 4.325X A -0.723 
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Ring Diameter 40 mm r = 0.035m 
1.25 1.94h F = mr W 
CF f 
x 
1 
1.25 1.94h mr w 
= ~f 
Speed s rev/min 500 1000 
[21TSti 1.94 
60 . 2162 8296 
Rad r 1.25 distance x 
.04342 53.0507 49.2966 
.03852 60.5528 55.1620 
.015386 .03598 68.0549 65.2168 
.02851 78.7722 71.0821 
.02295 80.9157 74.1544 
.FCF = 8.597x-0 •584 
1.25 1.94h mr w 
h = 0.0374m 
b = 1.94 
d = 1.25 
1500 
18217 
53.0396 
55.6471 
55.4563 
71.1647 
73.5814 
m = 0.15kg 
2000 2500 
31831 49075 
53.5758 54.1557 
54.9953 55.3125 
58.7805 62.0879 
72.7568 70.3033 
72.9024 72 .5696 
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I XCI) Y (I) YHAT RESIDUALS 
1 .04342 53.05 53.73 -0.68 
2 .04342 49.30 53.73 -4.43 
3 .04342 53.04 53.73 -0.69 
4 .04342 53.58 53.73 -0.15 
5 .04342 54.16 53.73 0.43 
6 .03852 60.55 57.62 2.93 
7 .03852 55.16 57.62 -2.46 
8 .03852 55.65 57.62 -1.98 
9 .03852 55.00 57.62 -2.63 
10 .03852 55.31 57.62 -2.31 
11 .03598 68.05 59.97 8.09 
12 .03598 65.22 59.97 5.25 
13 .03598 55.46 59.97 -4.51 
14 .03598 58.78 59.97 -1.18 
15 .03598 62.09 59.97 2.12 
16 .02851 78.77 68.70 10.07 
17 .02851 71.08 68.70 2.38 
18 .02851 71.16 68.70 2.47 
19 .02851 72.76 68.70 4.06 
20 .02851 70.30 68.70 1.61 
21 .02295 80.92 77 .98 2.94 
22 .02295 74.15 77 .98 -3.83 
23 .02295 73.58 77 .98 -4.40 
24 .02295 72.90 77 .98 -5.08 
25 .02295 72.57 77 .98 -5.41 
YHAT = 8.597X A -0.584 
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Ring Diameter 50 mm r = 0.04m h = 0.0374m 
b = 1.94 
d = 1.25 
1.25 1.94h F _ mr W 
CF - f 
x 
1 
1.25 1.94h mr W 
= -:,. 
x 
Speed s rev/min 500 1000 1500 
t2~21.94 
2162 8296 18217 
Rad r 1.25 distance x 
.04355 60.3763 56.4521 57.0504 
.03854 61. 2981 57.7733 59.4024 
.017889 .03345 69.1332 65.3403 65.7474 
.02831 70.5159 68.8235 69.6857 
.02318 77 .8901 74.7090 74.7726 
1.251.94h mr w 
14.396x-0 •443 
14.396 mr1 •25 w1•94h 
.443 
X 
m = 0.15kg 
2000 2500 
31831 49075 
57.5662 57.5834 
59.5716 60.8118 
66.4586 66.0380 
71 .4985 71.4107 
75.1611 75.5528 
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I X(I) Y(I) YHAT RESIDUALS 
1 .04355 60.38 57.77 2.61 
2 .04355 56.45 57.77 -1.32 
3 .04355 57.05 57.77 -0.72 
4 .04355 57.57 57.77 -0.20 
5 .04355 57.58 57.77 -0.19 
6 .03854 61.30 60.99 0.31 
7 .03854 57.77 60.99 -3.22 
8 .03854 59.40 60.99 -1.59 
9 .03854 59.57 60.99 -1.42 
10 .03854 60.81 60.99 -0.18 
11 .03345 69.13 64.94 4.19 
12 .03345 65.34 64.94 0.40 
13 .03345 65.75 64.94 0.81 
14 .03345 66.46 64.94 1.52 
15 .03345 66.04 64.94 1.10 
16 .02831 70.52 69.93 0.59 
17 .02831 68.82 69.93 -1.11 
18 .02831 69.69 69.93 -0.24 
19 .02831 71.50 69.93 1.57 
20 .02831 71.41 69.93 1.48 
21. .02318 77 .89 76.41 1.48 
22 .02318 74.71 76.41 -1. 70 
23 .02318 74.77 76.41 -1.64 
24 .02318 75.16 76.41 -1.25 
25 .02318 75.55 76.41 -0.86 
YHAT = 14.396X A -0.443 
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Ring Diameter 60 mm r = 0.045m h = 0.0374m 
1.25 1.94h F _m.~r __ ~w~ __ ~CF = -
xf 
1.25 1.94h mr w 
, 
b = 1.94 
d = 1.25 
Speed s rev/min 500 1000 1500 
t2~~ 1.94 
2162 8296 18217 
. 
rad r 1.25 distance x 
. 
.04287 29.0395 59.0919 60.2415 . 
• 
.03702 69.6152 66.0378 66.7566 
.020726 .03276 85.9250 74.3314 76.4821 
.02818 82.7426 82.5213 84.4608 
.02301 97.8591 92.4736 93.7614 
F CF -0.717 
1.25 1.94
h 
= 6.506x 
mr 
m = 0.15kg 
2000 2500 
31831 49075 
59.9824 61.6008 
69.1149 74.1488 
76.2480 79.2837 
85.7047 87.3978 
94.4589 96.1779 
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I X(I) Y(I) YHAT RESIDUALS 
1 .04287 62.14 
2 .04287 59.09 62.14 -3.05 
3 .04287 60.24 62.14 -1.90 
4 .04287 59.93 62.14 -2.21 
5 .04287 61.60 62.14 -0.54 
6 .03702 69.62 69.02 0.60 
7 .03702 66.04 69.02 -2.98 
8 .03702 66.76 69.02 -2.26 
9 .03702 69.11 69.02 0.09 
10 .03702 74.15 69.02 5.13 
11 .03276 85.93 75.34 10.59 
12 .03276 74.33 75.34 -1.01 
13 .03276 76.48 75.34 1.14 
14 .03276 76.25 75.34 0.91 
15 .03276 79.28 75.34 3.94 
16 .02818 82.74 83.93 -1.19 
17 .02818 82.52 83.93 -1.41 
. 
18 .02818 84.46 83.93 0.53 
19 .02818 85.70 83.93 1.77 
20 .02818 87.40 83.93 3.47 
21 .02301 97.86 97.04 0.82 
22 .02301 92.47 97.04 -4.57 
23 .02301· 93.76. 97.04 -3.28 
24 .02301 94.46 97.04 -2.58 
25 .02301 96.18 97.04 -0.86 
, 
YHAT = 6.506X A -0.717 
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6.3. ADDITIONAL TRIAL TO TEST THE POSTULATED CURVE RELATING 
THE VARIOUS FACTORS. 
The ring sizes chosen for the second part of the experimental 
trials were 30, 40, 50 and 60 mm diameters. The resulting curve 
was considered to be incomplete and a trial at 75 mm diameter 
was considered necessary to complete the curve by checking the 
postulated value at this point. 
The gripping force and the losses due to' centrifugal effects 
were measured at various distances from the diaphragm plate. The 
mass of the additional load weight and' the distance of the centroid 
of the additional load weight from the diaphragm plate were not 
varied but maintained at the value and in the position to give 
the maximum effect. 
'The results were analysed by curve plotting to obtain the 
constants and indices necessary for the equation. 
The results of the trial are as follows: 
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(i) MEASURED GRIPPING FORCE AND CENTRIFUGAL LOSSES. 
Gripping Force at various distances from the Diaphragm Plate. 
Ring Diameter 75mm 
Distance x from' measured 
Diaphragm Plate ~ gripping Force N 
* 
.04392 562.5 
.04342 537.4 
.03806 675.1 
.03298 710.9 
.02887 836.3 
Loss of gripping force at varying distances from the diaphragm 
plate and at various speeds. 
Ring Diameter 75mm 
Applied load 0.15kg 
Height of centroid of load from diaphragm plate 0.0374m 
Distance x from loss of gripping force at speed 
Diaphragm Plate m 1000 1500 2000 2500 
*.04392 67.0 154.0 270.2 398.4 
.04342 67.8 147.6 274.3 404.7 
.03806 79.5 173.1 298.4 454.0 
.03298 90.3 192.5 327.7 512.8 
.02887 97.4 215.2 379.6 595.8 
. 
* . taken from preV10US trials. See page 81. 
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(ii) ANALYSIS OF THE RESULTS BY CURVE PLOTTING. 
Ring Diameter 75mm 
C = 1TdPa 
3Bx 
Distance x from 38C 
Diaphragm Plate m 1TdPa 
.04392 19.9084 
.04342 19.0200 
.03806 23.8935 
.03298 25.1606 
.02887 29.5988 
YHAT = .941X A -0.972 
3eC 
• 941x-0. 972 
1TdPa = 
C = .941TdPa 
3Bx .97 
.3l1TdPa 
= 
Bx .97 
*YHAT *RESIDUALS 
19.63 0.27 
19.85 -0.83 
22.57 1.33 
25.94 -0.78 
29.52 -0.07 
* The computer print out automatically corrects to 2 decimal places. 
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Ring Diameter 75mm 
1.25 1.94h mr w 
1.25.1.94h mr W 
FCF 
m = 0.15kg 
r = .0525m 
h = .0374m 
w = 21T8 / 60 rad 8 
Speed 8 rev/min 1000 1500 2000 2500 
[~~sr·94 8296 18217 31831 49075 
distance x 
.04392 57.2854 59.7006 60.1660 57.5833 
.04342 57.9694 57.2195 61.1242 58.4939 
.03806 67.9730 67.1050 66.4946 65.6196 
.03298 77.2070 74.6257 73.0237 74.1183 
.02887 83.2776 83.4257 84.5890 86.1148 
1.25 1.94h mr Ul 
= 3.8X" -0.88 
3 8 1.25 1.94h • mr W 
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I XCI) Y(I) YHAT RESIDUALS 
1 .04392 57.29 58.50 -1.21 
2 .04392 59.70 58.50 1.20 
3 .04392 60.17 58.50 1.67 
4 .04392 57.58 58.50 -0.92 
5 .04342 57.97 59.09 -1.12 
6 .04342 57.22 59.09 -1.87 
7 .04342 61.12 59.09 2.04 
8 .04342 58.49 59.09 -0.59 
9 .03806 67.97 66.27 1.71 
10 .03806 67.11 66.27 0.84 
11 .03806 66.49 66.27 0.23 
12 .03806 65.62 66.27 -0.65 
13 .03298 77.21 75.07 2.14 
14 .03298 74.63 75.07 -0.44 
15 .03298 73.02 75.07 -2.05 
16 .03298 74.12 75.07 -0.95 
17 .02887 83.28 84.29 -1.01 
18 .02887 83.43 84.29 -0.87 
19 .02887 84.59 84.29 0.30 
20 .02887 86.11 84.29 1.82 
YHAT = 3.794X A -0.875 
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APPENDICES 
1. Calibration Charts. 
2. Comparison between theoretical strain 
and measured strain In the strain rings. 
3. Determination of coefficients a and ~. 
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APPENDIX 1 
Calibration of Kistler Load Cell using a Clockhouse Proving Ring. 
Range of Ring 
Sensitivity of Ring 
Calibration factor of Charge Amplifier 
Range of Charge Amplifier 
Amplifier Grounded 
Proving Ring Gauge Zeroed 
Gauge Charge Amplifier 
Reading· Reading 
0 0 0 0 
20 9.4 11.8 13.0 
40 22.2 25.0 23.8 
60 35.0 38.0 37.1 
80 47.8 47.3 49.0 
LOO 58.8 61.2 62.3 
120 70.8 74.1 73.0 
140 83.2 87.9 86.1 
160 97.2 101.0 99.0 
180 109.1 , 112.7 113.4 
200 120.2 126.0 125.0 
220 131.0 139.0 137.2 
240 142.6 147.8 149.0 
260 155.7 161.5 162.0 
280 166.5 171.2 175.6 
300 180.6 185.0 185.2 
0 
15.0 
26.0 
39.0 
49.1 
61.7 
74.0 
89.8 
100.5 
110.3 
125.7 
135.8 
148.0 
159.4 
172.8 
184.5 
0-2000 Ibf. 0-8896N 
1.2766 Ibf/div. 5.6786N/div. 
4.0 
10 mV 
Load Average 
N Amp.Rdg. 
0 0 0 
9.0 113.57 11.64 
22.2 227.14 23.84 
34.8 340.72 36.78 
47.0 454.28 48.04 
.58.5 567.86 60.5 
71.0 681.43 72.58 
85.0 795.00 86.4 
98.5 908.58 99.24 
111.0 1022.15 111.3 
123.0 1135.72 123.98 
132.5 1249.29 135.1 
145.5 1362.86 146.58 
157.0 1476.44 159.12 
168.0 1590.00 170.82 
181.5 1703.58 183.36 
~ 
z 
~ 
... 
... 
Cl) 
u 
't:l 
'" 0 o-l 
... 
Q) 
.... 
.... 
" .... :.:: 
" 0 
't:l 
'" 0 o-l 
~ 
z 
~ 
Q) 
... 
" .... X 
.... 
1« 
" 0 
't:l 
'" 0 o-l 
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CALIBRATION OF KISTLER LOAD CELL USING PIlOVING RING 
2000 
1800 
1600 
1400 
1200 
1000 
800 
600 
400 
200 
o 
8.80748 N/DIV 
20 40 60 80 100 120 140 160 180 200 
Charge Amplifier Reading 
CALIBRATION OF FIXTURE USING KISTLER LOAD CELL 
4500 
4000 
3500 
3000 
2500 
2000 
1500 
1000 
500 
0 
23.7238 N/DIV 
20 40 60 80 100 120 140 160 180 200 
Charge Amplifier Reading 
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Calibration of Fixture using Clockhouse Proving Ring and Kistler Load Cell. 
Range of Ring 
Sensitivity of Ring 
0-2000 1bf 
1.2766 lbf/div. 
Calibration factor of Charge Amplifier 4.0 
Range of Amplifier 10mV 
Amplifier Grounded 
Proving Ring Gauge Zeroed 
0-8896N 
5.6786N/div 
Gauge Charge Amplifier Reading in Fixture Position 
Reading Al A2 A3 Bl B2 B3 Cl C2 C3 
50 10.8 11.6 11.0 13.0 12.8 17.0 12.0 12.0 11.8 
100 22.0 23.8 22.0 25.4 24.7 31.0 24.2 23.4 22.8 
150 33.5 35.8 34.0 37.8 36.8 45.0 36.4 35.0 33.6 
200 45.0 47.0 45.5 49.8 48.0 57.0 49.0 47.0 45.4 
250 54.5 59.0 57.2 63.0 60.0 69.6 62.0 59.0 57.5 
300 67.3 72.0 68.8 75.0 71.8 82.8 75.8 71.0 69.5 
-
350 79.5 84.6 80.2 88.8 83.2 94.6 88.4 83.0 81.8 
400 90.8 97.0 92.6 100:0 94.2 104.0 101.0 94.4 93.8 
450 101.0 109.0 103.8 111.0 103.5 115.5 114.0 104.0 104.0 
500 113.0 122.0 115.6 124.0 115.8 126.8 127.0 117.0 116.8 
550 125.0 134.0 127.8 136.0 127.0 138.0 139.0 128.0 128.6 
600 138.0 147:0 139.2 148.0 138.0 149.6 152.5 139.8 140.2 
650 149.0 160.0 150.5 160.0 149.0 161.0 165.0 150.0 152'.0 
700 160.0 172.0 161.6 172.0 160.5 172 .0 176.5 162.0 165.0 
750 171.0 185.0 173.0 185.0 171.2 185.0 189.0 174.0 177 .5 
Gaugel Load on Av. Amp Load on Gauge Load on Av. Amp Load on 
Readin Fixture N Reading Ring N Reading Fixture N ,Reading Ring N 
0 0 0 0 400 2271.44 96.62 849.21 
50 283.93 12.44 109.56 450 2555.37 107.30 945.02 
100 567.86 24.37 214.63 500 2839.30 119.77 1054.85 
150 851. 79 36.43 320.85 550 3123.23 131.49 1158.09 
200 1135.72 48.19 424.45 600 3407.16 143.59 1264.67 
250 1419.65 60.20 530.23 650 3691.09, 155.17 1366.67 
300 1703.58 72".67 640.05 700 3975.02 166.84 1469.42 
350 1987.51 84.90 747.75 750 4258.95 178.97 1576.27 
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Calibration of Fixture. 
5000 
4000 
z 
3000 
2000 
Sensitivity 0.371 
1000 
200 400 600 800 1000 1200 1400 1600 
Load on Ring N 
CALIBRATION OF STRAIN RINGS USING CLOCKHOUSE PROVING RING AND CALIBRATION FIXTURE. 
INDICATOR LOAD ON FIXTURE LOAD ON RING STRAIN IN RING OF DIAMETER 
READING 
1b f N 1b f N 30nnn 40mm 50mm 60mm 75amm 75bmm 
50 63.8 284 23.7 105 490 398 260 115 91 84 
100 127.7 568 47.3 210 860 769 489 233 183 168 
150 191.5 852 71.0 316 1219 1137 728 341 273 257 
200 255.3 1136 94.7 421 1526 1512 933 470 370 345 
250 319.2 1420 U8.-3 526 1827 1896 1196 566 455 435 
300 383.0 1704 142 632 2121 2273 1426 707 550 522 
350 446.8 1988 165.7 737 2412 2651 1666 792 637 605 
400 510.6 2271 189.4 842 1876 925 742 686 
~----------------------------------------------------------------------~-------
-
'" w 
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30 mm Diameter Strain Ring. 
800 
700 
. 600 
z 
00 
s:: 500 
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0<: 
s:: 
0 400 
"0 
., 
0 
...:I 300 
200 
100 
0 
500 1000 1500 2000 2500 3000 
Strain in Ring ~m/m. 
40 mm Diameter Strain Ring. 
500 1000 1500 2000 2500 3000 
Strain in Ring ~m!m. 
1000 
900 
800 
700 
z 
OIl 600 
t:: 
.... 
.,; 
t:: 500 
o 
"g 400 
oS 
300 
200 
100 
o 
900 
800 
700 
z 600 
01) 
t:: 
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"d 
400 
'" 0 H 300 
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o 
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50 mm Diameter Strain Ring. 
Sensitivity 
2.25 llm/m/N. 
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 
Strain in Ring llm/m/N. 
60 mm Diameter Strain Ring. 
Sensitivity 
1 .0678 llm/m/N. 
100 200 300 400 500 600 700 800 900 1000 1100 
~train in Ring llm/m/N. 
---
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75 mm Diameter Ring No.1. 
1000 
900 
800 
700 
600 
z 
OIl 
.::: 500 ;g 
.::: 400 0 
"'" 
Sensitivity 
<11 
0 300 0.8646 ]lm/m/N. 0-1 
200 
100 
0 100 200 300 400 500 600 700 800 900 1000 1100 
Strain in Ring ]lm/m/N. 
75 mm Diameter Ring No.2. 
1000 
900 
800 
700 
600 
z 500 
OIl 
.::: 
..... 400 ~ 
.::: Sensitivity 
0 
"'" 
300 0.8498 ]lm/m/N. 
<11 
0 
0-1 200 
100 
0 
100 200 300 400 500 600 700 800 900 1000 1100 
Strain in Ring ]lm/m/N. 
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Calibration of Diaphragm Plate using a C1ockhouse Proving Ring. 
Range of Ring 0-2000 1bf 0-8896N 
Sensitivity of Ring 1.2766 1bf/div. 5.6786N/div. 
Pressure Indicator Reading Average 
1bf/in2 KN/m2 
20 137.89 1424 1425 1429 1426 
30 206.84 1535 1539 1535 1537 
40 275.79 1643 1643 1646 1644 
50 344.74 1758 1757 1757 1757 
60 413.68 1868 1869 1867 1868 
70 482.63 1988 1983 1985 1985 
80 551.58 2101 2098 2101 2100 
Pressure Difference Indicator Corresponding Load 
1bf/in2 KN/m2 Reading DiU. 1bf N 
10 68.95 111 145 644.99 
20 137.89 218 283 1258.85 
30 206.84 331 426 1894.94 
40 275.79 442 568 2526.59 
50 344.74 559 718 3193.82 
60 413.68 674 867 3856.61 
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Calibration of Diaphragm Plate using Clockhouse Proving Ring. 
5000 
4500 
4000 
3500 
z 3000 
"" 
'" 0 
...:I 
OJ) 2500 s:: 
.... 
..., 
<J 
Qj 
.... 
.... 
Qj 
A 2000 
Qj 
..., 
'" .... 322.2x103 N/m2 2 p., 46.73 lbf tin 
- -
1500 
1000 
500 
.' 
100 200 300 400 500 600 x 10
3 
Pressure on Diaphragm Plate N/m2 
CALIBRATION OF SIGMA 31 ELECTRONIC COMPARATOR USING SLIP GAuGES 
Slip Comparator head reading Av Difference Table 
Gauge -3 Gauge Size Comparator Rdg. 
Size ins
x10 
inxlO-3 -3 j1m inxlO j1m 
.100 0 0 0 0 0 0 0 0 0 
.102 2.0 2.0 1.9 1.8 1.825 2 50.8 l.S25 47.6 
.104 3.9 3.S 3.8 3.7 3.8 4 101.6 3.8 96.5 
.106 5.7 5.8 5.5 5.5 5.625 6 152.4 5.625 142.9 
.108 7.6 7.5 7.4 7.2 7.425 8 203.2 7.425 188.6 
;110 9.3 9.2 9.2 9.1 9.2 10 254.0 9.2 233.7 
.112 11.0 11.0 11.0 10.9 10.975 12 304.8 10.975 278.8 
.114 12.8 12.S 12.8 12.8 12.8 14 355.6 12.8 325.1 
.116 14.7 14.6 14._ 14.6 14.65 16 406.4 14.65 372.1 
.118 16.5 16.7 16.5 16.3 16.5 IS 457.2 16.5 419.1 
.120 IB.3 18.3 18.2 IB.2 18.25 20 508 IB.25 463.6 
.122 20.1 20.2 20.1 20.0 20.1 22 55S.8 20.1 510.5 
.124 22.1 22.0 22.0 21.9 22.0 24 609.6 22.0 55B.8 
.126 24.0 24.2 24.0 24.0 24.05 26 660.4 24.05 610.9 
.128 25.7 25.7 25.7 25.7 25.7 28 711.2 25.7 652.B 
.130 27.2 27.2 27.2 27.2 27.2 30 762 27.2 690.9 
The comparator was found to have a sensitivity of 0.917. 
-
'" 
'" 
30 
28 
26 
24 
22 
20 
I 
0 
..... 18 
x 
.~ ~16 
t>l) 
.:: 14 .... 
~ 
& 12 
... 
0 
... 
<'I 10 
... 
<'I 
it 8 0 
u 
6 
4 
2 
0 
'7 
·5 
·4 
2 4 
170 
Calibration Chart for Sigma Electronic Comparator. 
6 
Slope 27.52 30 
= 0.917 
" 8 10 12 14 16 18 20 22 24 
nnn 
Slip Gauge in x 10-3 
26 28 30 
Calibration of Mitronic Micro Comparator Measuring Head using Slip Ga~ges. 
Imperial Scale ± .010 in Head A. 
Slip Comparator Head Reading Difference Table 
Gauge 
10-3 
Gauge Size Comparator rdg. 
Size ins x Average -3 -3 inx10 )lm inxl0 )lm 
.100 5.0 5.0 5.0 5.0 5.0 5.0 5.00 0 0 0 0 
.101 5.8 5.8 5.8 5.8 5.9 5.8 5.82 1 25.4 0.82 20.83 
.102 6.7 6.8 6.7 
, 
6.7 6.7 6.7 6.72 2 50.8 1.72 43.69 
.103 7.5 7.6 7.6 7.6 7.8 7.6 7.62 3 76.2 2.62 66.55 
.104 8.5 8.4 8.4 8.S 8.5 8.S 8.47 4 101.6 3.47 88.14 
.105 9.3 9.3 9.2 9.4 9.4 9.4 9.33 5 127.0 4.33 109.98 
.106 10.2 10.1 10.1 10.3 10.3 10.3 10.22 6 152.4 5.22 132.59 
.107 11.0 11.0 11.0 11.2· 11.2 11.2 11.10 7 177.8 6.10 154.94 
.108 11.9 11.9 11.8 12.0 12.1 12.2 11.98 8 203.2 6.98 177 .29 
.109 12.7 12.8 12.7 12.9 13.0 13.0 12.85 9 228.2 7.85 199.39 
. 
.110 13.6 13.6 13.6 13.8 13.9 13.8 13.72 10 254.0 8.72 221. 49 
.111 14.5 14.4 14.4 14.6 14.7 14.7 14.55 11 279.4 9.55 242.57 
.112 15.2 15.2 15.2 15.4 15.5 15.5 15.33 12 304.8 10.33 262.38 
.113 15.9 15.9 16.0 16.2 16.2 16.2 16.07 13 330.2 11.07 281.18 
.114 16.6 16.6 16.7 16.8 17.0 17.0 16.78 14 355.6 11.78 299.21 
.115 17.3 17.2 17.4 17.6 17.6 17.6 17.45 15 381.0 12.45 316.23 
The Comparator was found to lose linearity above a gauge reading of 0.010·ins. 
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Calibration Chart for Mitronic Micro Comparator. 
15 
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'" 9 I 0 
..... 
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Comparator Reading mm 
in x 10-3 
Calibration of Mitronic Micro Comparater Measuring Head using Slip Gauges. 
Metric Scale ± 300 micro metre. Head B. 
Difference Table 
Slip Gauge Size Comparater Head Reading Average 
Gauge Size Comparater 
Reading 
nnn )Jm )Jm )Jm 
21.00 21.00 21.00 21.00 21.00 21.00 0 0 
21.05 21.066 21. 066 21.067 21.068 21.067 50 67 
21.10 21.138 21. 131 21.136 21.138 21.136 100 136 
21.15 21. 210 21. 204 21. 210 21.211 21. 209 150 209 
21. 20 21. 282 21. 279 21. 286 21. 287 21. 284 200 284 
21. 2S 21. 352 21.350 21.353 21. 357 21. 353 250 353 
21.30 21.428 21. 421 21.422 21. 423 21.424 300 424 
21.35 21.502 21. 492 21. 497 21.494 21. 496 350 496 
21.40 21.578 21. 562 21. 568 21. 568 21.569 400 569 
- , 
" w 
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Calibration chart for Mitronic Micro Comparater Head B. 
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Calibration of the Lathe Cross-Slide. 
iPosition Indicator Reading ~m 
mm 
0.0 - .9 -1.9 -1.1 -1.9 -2.1 -1.7 -1.9 -1.9 
5.08 -1.2 -2.3 -1.0 -2.2 -2.3 -1.9 -2.7 -2.7 
10.16 - .4 -1.2 -2.0 -1.2 -1.4 - .6 -1.3 -2.0 
15.24 -1.2 -2.5 -1.2 -2.2 -2.4 -2.1 -2.5 -2.6 
20.32 1.9 .9 1.9 1 • 1 .5 1.3 1.1 .3 
25.40 .6 - .4 .5 - .2 - .9 - .3 - .4 -1.2 
30.48 .3 - .8 .2 - .8 -1.1 - .5 -1.0 -1.5 
35.56 .5 - .5 .8 - .6 - .9 - .4 - .9 -1.2 
40.64 1.0 0 1 • 1 0 - .4 • 1 - .4 - .5 
45.72 .7 - .5 .4 - .5 - .4 - .2 - .8 -1.1 
50.89 2.0 .7 1.5 .6 • 1 .8 .9 • 1 
55.88 1.4 .2 1.0 0 - .4 .3 .7 
-
.8 
60.96 .8 - .3 .2 - .7 -1.1 . - .4 0 -1.2 
66.04 1.0 - .3 .6 - .3 - .9 0 - .5 - .8 
71.12 2.5 1.5 2.1 1.3 .7 1.2 .8 .4 
76.20 3.0 1.9 2.6 1.6 1.0 2.4 1.0 .7 
81.28 2.1 1.3 1.4 .5 .2 .4 0 .2 
86.36 2.3 1.6 2.0 1.3 .8 .8 .6 1.0 
91.44 2.1 1.4 1.5 .6 • 1 - .2 - .2 .4 
96.52 3.0 2. 1 2.8 1.4 1.1 .9 .4 1.2 
101.60 3.4 2.8 3.3 2.3 1 .7 1 .4 .3 .9 
For computer processing all readings were increased by 
10 ~m to ensure all readings positive and non-zero. 
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Error in Cross-Slide from Best Straight Line. 
position Error from Best Straight Line ~m Average 
mm 
0.0 - .15 0.0 - .14 - .25 - .20 - .52 - .39 .30 - .17 
5.08 - :64 - .61 - .23 - .72 -1.85 - .85 -1.31 - .66 - .86 
10.16 - .04 .29 -1.41 • 12 .21 .33 - .03 - • 12 - .08 
15.24 -1.03 -1.22 - .80 -1.05 - .94 -1.30 -1.35 - .89 . -1.07 
20.32 1.88 1.97 2.11 2.09 1.82 1.98 2.14 1.85 1.98 
25.40 .38 .46 .54 .62 .27 .26 0.52 0.19 .40 
30.48 - • 11 - .15 .05 -' • 14 - .07 - .07 - .20 - .27 - .13 
35.56 - • 11 - .05 .47 - • 11 - .02 - .09 - .22 - • 13 - .03 
40.64 .20 .24 .58 .33 .34 .29 • 16 - .41 .32 
45.72 - .29 - .4 ? - .30 - .34 • 19 - .14 - .36 - .35 - .26 
50.80 .83 .52 .61 .60 .56 .74 1.23 .69 .72 
55.88 .02 - .18 - .07 - .17 - .10 • 11 .90 - .38 .02 
60.96 - .77 - .89 -1.05 -1.03 - .94 - .71 .09 - .94 - .78 
66.04 - .77 -1.10 - .84 - .80 - .89 - .43 - .53 - .70 - .78 
71 .12 .54 .49 .48 .63 .57 .64 .65 .34 .54 
76.20 .85 .69 .79 .77 .72 1.72 .73 .48 .89 
81.28 - .25 - .12 - .12 - .50 - .22 - .40 - .39 - .18 - .33 
86.36 - .24 - .03 - .18 .14 . .23 - .13 - .09 .46 .04 
91.44 - .63 - .44 - .86 - .73 - .61 -1.25 - .83 - .30 - .71 
96.52 .07 .05 .26 - .09 .24 - .28 - .35 .34 .03 
101 .60 .28 .55 .57 .64 .70 .10 - .56 - • 13 .27 
Calibration Chart for the Lathe Cross-Slide. 
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APPENDIX 2 
Comparison between Theoretical Strain and Measured Strain in the 
Strain Rings. 
(a) Theoretical and (b) Measured Strain \lm/m 
Ring Dia. 30 mm 40 mm 50 mm 60 mm 75 mm 
Load N. a ):> a b a b a b a b 1 
100 378 471 448 376 227 246 105 116 64 86 
200 756 830 895 731 454 467 209 226 129 174 
300 1134 1157 1343 1088 681 688 314 355 193 262 
400 1512 1463 1790 1444 907 909 418 445 257 350 
500 1890 1756 2238 1780 1134 1130 523 555 322 438 
600 2269 2038 2685 2156 1361 1351 627 665 386 526 
700 2647 2312 3133 2512 1588 1572 732 775 450 614 
800 3025 2579 3580 2868 1815 1793 837 884 515 703 
Radial Deflection of the Strain Ring at Each Clamping Point. 
Radial Deflection mX10-9 
Ring D~a. 30 mm 40 mm 50 mm 60 mm 75 mm 
-
Load N. 
100 0.84 0.79 0.50 0.31 0.22 
200 1.67 1.57 1.00 0.62 0.44 
300 2.51 2.36 1.51 0.94 0.66 
400 3.35 3.14 2.01 1.25 0.88 
500 4.18 3.93 3.51 1.56 1.10 
600 5.02 4.72 3.01 1.87 1.32 
700 5.86 5.50 3.51 2.19 1.54 
800 6.69 6.29 4.02 2.50 1. 76 
900 7.53 7.07 4.52 2.81 1.98 
1000 8.34 7.86 5.02 3.12 2.19 
3000 25.10 23.58 15.06 9.37 6.58 
bZ 
80 
162 
245 
327 
409 
492 
574 
656 
, 
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APPENDIX 3 
DETERMINATION OF COEFFICIENTS ~ AND B 
.3 
.23 
.2 
.1 
o 
1 2 3 4 5 
Ratio a/b 
1.0 
.9 
.8 
.7 .715 
.6 
.5 
.4 
.3 
.2 
." 
.1 
0 
1 2 3 4 5 
Ratio a/b 
Ref: Formulas for Stress and Strain, R.J. Roark. p.241, Case 18 for Load 
Case 23 for Bending MOment. 
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Appendix 4 
Details of the Erickson Diaphragm Chuck and the Diaphragm Plate. 
General Details of the Chuck. 
No. of jaws 
Capacity 
Max. air pressure to open the chuck 
Max. air pressure to bore out the jaws 
Outside diameter of the chuck· 
General Details of the Diaphragm Plate. 
Location diameter 
Max. thickness of the plate 
Min. thickness of the plate 
Thickness at the central hole tb 
Taper angle <P 
Dia. of central hole d 
3 
100 mm 
550 KN/m2 
450 KN/m2 
140 mm 
111.2 mm 
3.84 mm 
2.77 mm 
3.73 mm 
2' 
23.5 mm 
Equivalent dimensions of a flat diaphragm plate for the 
initial analysis. 
Outside or effective radius a 53.5 mm 
Inside radius b 11.75 mm 
Equivalent thickness t 3.0 mm 
e 
ratio a/b 4.55 
constant IX 0.23 
constant e 0.72 
, 
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